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Preface

This research is intended to provide a practical and easily understood approach

using rough surface scattering theory to estimate the dutter power intercepted by a

ground based bstatic radar system. The procedure obtains estimates of normalized

radar cous section for homogeneous sections of terrain based upon the statistical

properties of the terrain heights. From a knowledge of the antenna beam widths

and location of the isorange contour lines associated with the bistatic system, the

normalized radar cross sections can be used to determine the dutter power for each

radar range cell from a modified radar range equation.
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Abstract

The purpose of this rtsearch wau to develop a procedure for estimating the

average bistatic radar clutter power from a topographic map and using rough surface

scattering theory. First, the terrain in the radar target area was divided into sub

regiono having nearly homogeneous characteristics. A joint Gaussian distribution for

the surface heighta was fitted from the information contained in the topographic map

contour lines for each homogeneous area. From these distributions, the normalized

radar cross section for each terrain area was determined. The clutter power for each

range cell was then determined via a modified radar range equation.

The procedure was implemented for three target areas of an existing ground

based bistatic system near Hanscom AFB, Massachusetts using a U. S. Geological

Service topographic map of the area. Scattered power from very rough surfaces was

estimated. However, the accuracy of the estimates could not be verified due to a lack

of actual data for comparison. It was also determined that topographic map data

may not be sufficient to determine scattered power from slightly rough surfaces.
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DETERMINATION OF BISTATIC RADAR CLUTTER POWER

FROM TOPOGRAPHIC DATA

IL Introduction

1.1 Background.

The operating principles of radar are relatively simple. The process initiates

when a transmitter enits an identifiable electromagnetic wave into the atmosphere.

When the wave strikes an object, electromagnetic energy scatters in all directions. A

receiver &etects the presence of a target when the reflected ener gy strikes the receive

antenna. Given knowledge of the exact time of transmission of the original wave

and of the velocity of wave propagation, the receiver can calculate the approximate

range between the target and the radar system. If the energy from the transmitter is

concentrated in a narrow beam, the bearing and elevation of the target can also be

determined. With these capabilities, it is easy to see how radar has evolved into a

necessary piece of military hardware. It finds application on every military aircraft

in the inventory today and its capabilities often play a vital role in the success or

faiure of a mission.

Problems arise when the reflected energy is not due solely from a desired target.

When the transmitting antenna directs energy at low grazing angles, objects on

the ground reflect energy to the receiver. This phenomenon is known as clutter.

The amount of dlutter energy returned to the radar receiver is proportional to the

reflectivity of the terrain and other factors. When more energy is reflected from

terrain features than from a desired target the capabilities of a radar ate reduced.



All military forces attempt to use clutter to their advantage. Low flying air-

craft and missiles are difficult to detect in the presence of clutter. The clutter energy

obscures target reflections and provides an attacking force with the advantage of less

time of exposure to hostile countermeasures. The detection of low flying objects is

compounded by the use of stealth technology, which reduces the amount of energy

reflected in the backscatt-r direction. Monostatic radar systems use collocated trans-

mitters and receivers. The transmitter an4 receiver often share a common antenna

and the system only detects backscattered target energy. With less electromagnetic

energy reflected toward a receiver by using stealth technology, the task of hiding an

incoming vehicle in ground clutter becomes easier.

This work is sponsored by the Applied Electromagnetics Division *f the Rome

Air Development Center (RADC). RADC has proposed using bistatic radar systems

with special configurations as a technique to enhance the detection of low observable

(stealthy) objects. Bistatic radar systems use transmitters and receivers which are

not collocated (18:1) and do not rely on backscattered energy for proper operation.

RADC proposes that, for a given terrain and bistatic angle, there will be a

transmitter to receiver antamna polarization relation which will result in a minimum

amount of clutter return frora the terrain in question. Use of the process to enhance

the detection of low observable objects requires apriori knowledge of the required

antenna polarization relationship which, is obtained from the reflective characteristics

of the terrain. To obtain optimum performance of the bistatic cunfiguration proposed

by RADC, a thorough knowledge of the dutter-to-noise power profiles of bistatic

radars operating at low grazing ang' - is needed.

For the foregoing reasons there is considerable interest in predicting the terrain

reflectivity seen by bistatic radar systems at low grazing angles. The clutter-to-noise

power levels at a radar receiver antenna are directly related to the reflectivity of the

terrain in the target area. Several antlytical and empirical models (13:671-773),(9:74-

134),(3:70-119) have been proposed to calculate the terrain refl.octivity from known

1-2
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The anount of clutter power a bistatic radar detects depends on the radar

airn'tcrq, the geometric locations of the transmitter, receiver, and target area as

c-11 o.q tl,,e physical characteristics of the terrain.

The radar parpmeters include the frequency of operation of the transmitter,

the trtansmit and receive antenna polarizations, the transmit and receive antenna

hc-imawidthi, and the transmitter pulse width. All of these parameters are control-

lahe by the radar design emgineer.

The geomctric considerations involve the physical locations of the transmitter

and, the receiver in relation to the target area. The most prominent of these factors

are':

* The tistance between the transmitter and receiver.

* The distance from the transmitter to the target area.

* The distance from the receiver to the target area.

* The bistatic angle formed by the transmitter, receiver, and target.

* The height of the transmitting and receiving antennas.

* The grazing angle of the transmitting and receiving antennas.

The physical characteristics of the terrain can not be controlled and must be

measured or estimated fi•r each particular application. The terrain factors which

affEct the amount of reflected clutter power are:

* The physical characteristics of the terrain.

1. FlHat land, rolling hills, mountains, bodies of water.

2. The amount of moisture in the soil.

3. The dielectric constant c( the terrain.

"Ij 1-3



* The population of the terrain.

1. The specific type of vegetation, trees, or buildings covering the terrain.

2. The relative heights, thicknesses, and densities of the population.

3. The dielectric constants of the population items.

* The weather conditions in the target area.

All of these factors affect the amount of clutter power received by a bistatic radar

system.

1.2 Problem Statement.

No accurate procedure exists for determining the dutter-to-noise power profile

of a ground based bistatic radar system operating at low grazing angles and large

Bistatic angles from knowledge of the terrain features of the radar target area.

1.3 Research Objective.

The purpose of this research effort is to develop an accurate procedure for

predicting the clutter-to-noise power profile for a ground based bistatic radar system

from knowledge of the target area topography.

1.4 The Bistatic System.

The transmitter for the bistatic radar system used for this thesis was an S band

weather radar located near Stow, Massachusetts. The receiver was an RADC asset

located atop Prospect Hill in Waltham, Massachusetts. The proposed target area

was the terrain southwest of Hanscom Air Force Base. Stow is located approximately

20 kilometers (Km) west of Waltham. RADC originally requested clutter-to-noise

power ratios for five range bins at three different bistatic angles between 1200 and

160". The clutter powers were to include the effects of the power associated with the

1-4



main lobes and significant side lobes of both antennas. The researcher was at liberty

to select the appropriate bistatic angles and range bins. As the project progressed,

three specific sites were selected by RADC.

The transmitter was operated at a frequency of 3 gigabertz (GHz), had a

peak power of 800 kilowatts (KW), a pulse width of 1 microsecond (pas), and a

pulse repetition frequency (PRF) of 1 kilohertz (Kllz). The transmitting antenna

was a 28 foot parabolic reflector and could be operated with vertical or horizontal

polarization.

The range gated receiver was equipped with a 20 dB standard gain horn an-

tenna and could operate with either vertical or horizontal polarization. The term

standard gain horn was taken to mean a pyramidal horn antenna designed for opti-

mum gain in both the E plane and H plane.

1.5 Assumptions.

The radar range cells were assumed to be in the far field of both the transmit-

ting antenna and receiving antenna. This implied the wavefronts incident upon the

terrain and the receiving antenna aperture were planar. This was a valid assump-

tion given the geometry of the test area. Skolnik (15:229) describes the far field as

a distance greater than RF where RF is defined as:

RF = D2 /A (1.1)

Where:

D = ihe largest dimension of the antenna aperture in meters (m)

A = the wavelength of the radar in meters

The wavelength, A, was determined from (11:1)

A = c/f (1.2)

1-5



Where:

c - the velocity of wave propagation, c - 3X10s meters/second (m/s)

f - the operating frequency of the radar in Hertz (Hz)

Using an operating frequency of 3.0 GHz in Eq 1.2 yielded A = 10 centimeters

(cm). The largest dimension of the receiver antenna aperture was 45 cm and the

transmitter antenna had an diameter of 28 feet or 8.5344 m. Eq 1.1 was used to

calculate RF as 2.025 m for the receiver and 728.36 m for the transmitter. Since the

range from either the transmitter or the receiver (20 Kra) was much greater than

RF, the target area wps in the far field and the planar wavefront assumption was

valid.

The procedure developed during this research was limited to stationary ground

based bistatic systems operating at low grazing angle. and all bistatic angles except

the forward scatter and back scatter directions. The radar receiver was assumed to

be operating without using pulse integration.

1.6 Scope.

This thesis was limited to the development of a process for the determination

of the clutter-to-noise power profile for a generic ground based bistatic system. The

process was then applied to five range cells for three bistatic angles of the specific

bistatic iadar system used by RADC. The range cells selected for analysis represent

only a small sample of the total target ýrea. The clutter-to-noise power profile

concept could easily be extended to an ent e target area.

The effects on the clutter-to-noise pow profiles of extreme weather conditions,

variations in soil moisture content,and varia ions in target area pNpulation were not

considered in this research effort.

1-6
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1.7 Approach.

The research was accomplished in several steps. Barrick (13:671-729) details

processes for calculating scattered power from two classes of rough surfaces. His

description encompasses coherent and incoherent scattering from slightly rough sur-

faces and incoherent scattering from very rough surfaces. Both cases treat the height

of the surface as a random variable and require knowledge of the distribution of the

surface heights. Therefore each target site was subdivided and analyzed to obtain

the necessary statistical information.

Topographic data for the selected target sites was digitized and entered in a

data base. The data was analyzed to develop statistical representations of the terrain

S..characteristics. Existing rough surface scattering procedures were used to predict

the clutter-to-noise power profile of three range cells at each site. The process was

initiated by determining the footprint of the bistatic radar.

1.7.1 Radar Antenna Footprints. The radar footprint is the terrain area de-

Iheated by the intexsection of the projected transmit and receive antenna patterns

and the concentric ellipses which define the isorange contours of a bistatic radar

system. The size and shape of the individual range cells were determined by several

factors:

1. The radiation patterns of both antennas.

2I The relative heights of the antennas and the target area.

"3. The bistatic angle formed by the transmitter, receiver, and target area.

4. The distance from transmitter to target and receiver to target.

5. The range gat'ig interval used in the receiver.

1.7.2 Terrain Maps. Topographic maps for the target area were obtained

from the United States Geological Service (USGS) to correlate the physical charac-

teristics of the terrain to the selected range cells. The maps were scaled to 1/250000

1-7
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and allowed analysis of the ground cover in the area of interest. The three range cells

selected for evaluation at each bistatic angle were subdivided into smaller blocks for

statistical analysis to determine the mean, variance, and correlation length of the

terrain height distributions covered by the selected range cells.

The information from the topographic maps for the specific blocks of each

range cell was transferred to a memory array where the data was used to determine

the large scale of roughness parameters. Specifically, the data represents the relative

position (x - y coordinates), height, dielectric constant, and type of the terrain

inhabiting the range cell blocks.

Though the USGS maps are detailed, they lack sufficient information to de-

scribe the range cell blocks completely. The maps provide detailed information on

the locations and relative sizes of buildings, roads, streams, and major bodies of

water. The elevation data is provided in the form of three meter contour lines and

is accurate enough to determine the necessary large scale of roughness parameters

required for the RADC application.

The land cover on the USGS maps was identified as falling into one of six-
teen broad categories. Examples of these categories are woodland, scrub, marsh.

swam.r, mangrove, orchard, and vineyard. Though informative, the information was

not detailed enough to determine the small scale of roughtess parameters for the

specific RADC application. If the entire range cell in question had a homogeneous

population, e.g. all of the blocks in range cell one were entirely covered by pine

trees, additional information would still be required. The additional information

would have to be detailed enough to identify individual tree heights so that a height

distribution could be developed. Te mean and variance of the height distribution

/ would then be used to calculate the incoherent power scattered by the small scale of

roughness. Information is also needed to determine the relative permittivity of the

target area surface and any vegetation which may inhabit surface.

Unfortunately nature is not this cooperative. It is unlikely that the entire

/
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range cell will have a homogeneous small scale of roughness. The extreme case

would involve a different small scale of roughness for each range cell block. In this

instance a separate height distribution would have to be developed for each range cell

block. This process could rapidly become computationally cumbersome if developing

a dutter-to-noise power map for the entire coverage area of a specific bistatic radar

system.

1.7.9 Clutter-to-Noise Power Profile Maps. To simplify the calculations re-

quired, v'o.as of homogeneous surface characteristics were selected at each target

area. The height distributions in these areas were assumed to be Gaussian in na-

ture. The mean, variance, and correlation distance were extracted from the data

available on the topographic maps. The characteristics of the identified Gaussian

PDF were used to implement Barrick's rough surface scattering formulas.

Applying Brnick's formulas to each range cell characterization area provided

a value for the normalized radar cross section (NRCS) of the block. The area of

the selected range cells was used to determine an average value of RCS which in

turn was used in a variation of the bistatic radar range equation to determine the

scattered power at the receiver. In the cases where the terrain exhibits both scales

of roughness over a single range cell, the scattered power for both cases could be

-' :calculated and added vectorially.

The implementation of the scattering formulas was essentially the same. The

main difference in the two cases (slightly rough surfaces and very rough surfaces)

was in how they were developed and their surface height variations relative to the

wavelength of the excitation source. The very rough surface formulas were developed

using physical optics principles. The slightly rough surface formulas were developed

using a perturbation technique.

Plotting the values of duiter-to-noise power for each cell relative to the cell's

physical position yields a clutter-to-noise power profile map for the bistatic radar.

1-9
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The concept is easily extended to include the entire radar footprint.

1. 7.4 Performance Evaluation. The results of this research were to be verified

with the equipment already in place at the RADC bistatic radar sites. The actual

data was unavailable at the time of publication.

1.8 Overview of the Thesis.

Chapter H presents the theory behind the procedures pertaining to the deter-

mination of clutter reflectivity. Chapter MI presents the results of the research effort

and Chapter lV presents conclusions from the thesis and makes recommendations

for further research.

1-10
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HI. Theoryg

LI Overview.

This chapter describes the procedures wsed to calculate the clutter-to-noise

power ratios for ea-A range bin and provides the theory behind the concepts employed

here.

2.2 Clutter- To-Noise Power Ratio.

In most radar applications, the dlutter power received by a system is unwanted

and often treated as noise. In this application, the dlutter power (P.) was treated as

the return from a desired target. The dlutter power for a bistatic system given by

Skolnik (15 :557).

=* P~rGID G,'Lpt)po6  (2.1)

/ Where:

P, -clutter power received

Gt =transmitting antenna gain in the direction of the clutter

G, --receiving antenna gain in the direction of the dlutter

06 =bistatic radar cross section of the clutter

1, Ltransmnitter to target distance

A) -receiver to target distance

Lp(t =propagation loss over the transmitter to target path

Lp(r) =propagation loss over the re~ceiver to target path

L. =s stem losses



A majority of the parmueters in Equation 2.1 are imown or can be calculated

given enough information about the transmitting hardware, receiving hardware, and

physical layout of the bistatic system. The only factor intimately associated with

the terrain characteristics is a
7b which represents the bistatic RCS of the target.

For many simple geometric shapes the RCS is known or can be calculated with

reasonable accuracy. The problem at hand is that the target of interest is terrain of

varying degrees of roughness populated by objects of random shapes, sizes, heights

and densities.

The randomness of the problem requires a probabilistic approach to determin-

ing a value for ob in realistic terrains encountered by a bistatic radar system. The

-value obtained for oUb is directly relaied to the physical dimensions of the clutter

patch illuminated by the transmitted signal and simultaneously visible to the re-

ceiving antenna's aperture. Once the visible footprint is identified, other factors can

influence the amount of clutter power received from the footprint.

"2.2.1 Factors Affecting the Clutter Power. The other factors which affect the

amount of clutter power received include the type of land cover found in the footprint

area, the density of 'he land cover, the variation in the surface heights and slopes of

the land as well as the variation in the heights and f! -pes of t'ae objects populating

the surface.

In addition to the physical locations of objects in the target are., one must

also consider the electrical properties of these objects. The dielectric constants of

both the terrain surface in a clutter cell and of the objects populating the cell affect

the average amount of scattered power reaching the receiver aperture.

The average clutter power received will also depend upon the incient angle of

the illuminating wave (0i), the angle of departure of the scattered wave (.9), and the

bistatic angle (13) formcd by the transmitter, receiver, and target area. The angles

Oi, 0O, and 0,o are defined at the point of incidence as shown in Figure 2.1 and the
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Figure 2.1. Bistatic scattering geometry.

bistatic angle, •, is defined u a- 4$..

Still other factors can affect the amount of scattered energy received from the

clutter cell. The homogeneity of the surface composition in the clutter cell can affect

the signal contribution from the slightly rough and very rough surface contributions.

The size of the clutter cell blocks can have the same effect on the signal levels as

the homogeneity of the surface. Surfaces which have small homogeneous sections

of many different types of surface present a problem when trying to determine the

dominant material in a clutter cell block. The same situation is possible if the size

of the dutter cell blocks are too large.

Weather conditions can chang.- the reflectivity of an area in a matter of minutes.

Windy conditions can cause the RMS height of crops to vary drastically or cause

portions of trees to move in and out of a particular range cell block. Rain can affect

most surface areas by changing the surface moisture content. Snow and ice cover

can totally change the reflection characteristics of a surface area.

Some factors cause seasonal change. Areas covered by vegetation will have an

RMS height which will change as the vegetation grows over the summer or is har-
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vested in the fall. Similarly, forested areas of deciduous trees will have a reflectivity

which will change seasonally as leaves appear in spring, grow throughout the summer

and drop off in antumn.

The previous discussion was intended to point out that there is no single solu-

tion to the problem of predicting the bistatic reflectivity of a given area. So many

factors can affect the results that it is only feasible to estimate the value of clutter

power for a given set of conditions. The estimate must be revised as the conditions

change. The first obstacle to overcome in providing this estimate is identifying the

clutter cell location.

2.3 Determining the Antenna Footprint.

The terrain area which scatters electromagnetic energy that reaches the receiver

during any particular range gate period is of primary interest. Determination of

these terrain sections is the foundation for all subsequent scattering calculations.

Each clutter cell is delimited by two features, the bistatic equirange contour lines

for a specific receiver range gate period and the intersection of the transmitter and

receiver antenna patterns. The equirange contour lines establish the areas of possible

energy return during a range gate period. The transmitter and receiver antenna

patterns are then used to identify subsections of the range cell which make significant

contributions to the received clutter power.

2.3.1 The Equirange Cont.our Lines. Figure 2.2 represents a two dimensional

view of the bistatic geometry from which it is desired to determine the dimensions

of the individual range cells. In this diagram the transmitter, receiver, and target

are in the same plane and variations in surface height are being neglected for the

moment. This is the same situation one is faced with when extracting data from a

topographic map.

The angle • is the bistatic angle. The segment DB is the baseline distance in the
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Figure 2.2. Two dimensional histatic geometry.

Vy-plane from transmitter to receiver and -remans constant for a given pound based

bistatic system. The segment DT is the distance in the xy-plane from transmitter

to a selected range cell. The segment DR is the distance in the zy-plane from the

selected range cell to the receiver. Both segments, DR and DT, will vary in length

with different range cells.

The amount of dutter power detected by the receiver from each range cell will

be equal to the average of the energy intercepted by the wrdwvr during a single

range gate period. Therefore the width of the range cell is related to the range gate

interyal of the receiver. The number of range cells available is controlled by the

transmitter PRF. The easiest way to visualize this is to examine a timing diagram

for the system.

Figure 2.3.1 is a timing diagram "or the general ground bw'sd bistatic system.

2-5
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Range Range Range Range
cell cell cell cell irz
1 2 n-1 n

TO TO+TR To + 2Tr To + (n - 1)Tr To + nrT

Figure 2.3. Ground based bistatic system timing diagram.

The timing diagram is referenced to the receiver. At time T0, energy traveling along

a direct path, the distance R8 , reaches the receiver. Where RD is the line of sight

(LOS) or slant range distance from the transmitter to the receiver. In Figure 2.3.1

rR represents the range gate interval of the receiver. The energy for range cell one

strikes the receiver between time To and To + rR. Similarly the energy for range cell

two strikes the receiver antenna between To + Tr and Tn + 27W. The toted number

of range cells, n, is determined by the PRF of the transmitter. In Equation 2.2

= T has been used.

1 = 2.i

n T (PRF)("R) "R i

The shape of a clutter cell for a bistatic system is more complicated than

its monostatic counterpart. The most direct method for determining the shape of

a clutter cell is to examine the equirange contour lines for a bistatic system. For

any arbitrary neh equirange conztour line, energy reaches the receiver after a time of

To + ni"R seconds. The distance traveled by this energy is equal to the sum of the

transmitter to target and target to receiver distances. An equivalent LOS distance

can be determined from the wave speed and time of travel. At the time of the n1'

range gate, the wave has been traveling for a period of To + nwR seconds. Equating
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"licy~e 2.4. EA lltionship between slant ranges and xy-plane distances.

tCe fcts yirld(IS:

Pr + Hia r(To + rifl) = Rt + ncrR (2.3)

'i2' ii:lit Iand ;idle of Eqluation 2.3 is a constant value for any givcn value of

it ;'•::, T,, tCh ,'( ,,'v0,r ran,11"P atf, intrval. If tlhc transmitter is assumed to be an

ir ,, raliatior, cnlcr-y is radtiatel in all directions. By plotting the target points

r.r ,,l dirctic;ns rali:dlly fro:m the transmitter and determining the values for Rr

l lv;i,'Il r-ti zfy i'mttion 2.3, tlhe;e equtirange aontour lines will be elliptical

1:,m:!,:~q'-. t ,'v, ler in :e1 ii;? are the slant ranges from the transmitter to target

to tatZ; ,t anIt,',cativny fnd Can not be directly plotted on a topographic

2.I hiut rat,: thd ,lattions;hip bgetwe•n the LOS slant ranges (RR, RT,

:i:,I ti,,ir crx,.,,l,,, i xy-'lane listanes (D,,, Dr, Dn) related to the topo-
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In Figure 2.4, the transmitter and receiver are located atop surface heights hT

and hR respectively, which are measured from a sea level xy-plane. By letting the

difference in height be 6hB =1 hT - hR I, RB can be expressed as:

RB = V(bh-B)Y+ (DB)2) (2.4)

Similarly DB can be expressed in terms of RB and 6AB as:

DB = I(RB)2 - (6hA) 2  (2.5)

By defining 6T hT - h, I and 6 hA =1 hR - h, I where h. is the height of the

clutter at the point of reflection, expressions similar to Equations 2.4 and 2.5 can be

derived for RT, RR, DT, and DA.

RT = /(6hT)2 + (DT)2  (2.6)

DT = l/(RT7: - (6hT)2  (2.7)

RR = (/ihn)2 + (Dn)2 (2.8)

DR = I(RR)2 - (6hR)2  (2.9)

A plot of the equirange contour lines is illustrated in Figure 2.5. The concentric

ellipses have the transmitter and receiver as focal points. For any range gate intea-val,

it is possible for the target clutter cell to include any of the area between the cor-

responding equirange ellipses. The goal of this research is to determine the bistatic

clutter power from the topography of the area surrounding the system. Therefore,
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FIgure 2.5. equirange contour lines for a ground based bistatic system.

a prosuis needed toidentify any or alloftheequirange o~ntouukrsfra given radar

system on a topographic map of the area surrounding the system.

Figure 2.6 was partially extracted from Beyer (4:198) and 3lustrates the basic

geometry for any ellipse. For an ellipse cemtered at point (h*k) with its major axis

parallel to the z axis of a cartesian coordinate system, Beyer (4:199) lists the Mblowing

expression f~r the ellipse:

(z -h) 2 +(y -k) 2  (.0

Expressing a, 1., h, and k from Equation 2.10 in terms of the known system

parameters TR, D8, DT, DR, and n will allow the delineation of the equirange con-

tour lines on the topographic map. Fbr convenience we choose a coordinate system

centered an the transmitter with. the x: axids collinear with the slant range RB.

Fbr any ellipse, the sum of the distances from any point on the ellipse to the

bid equals the distance 2a in Figure 2.6 (4:199). Applying this principle to Figare 2.7
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Figure 2.6. Basic geometry frn au, ellipse.

where the distances from any point on the equirange contour to the foci ame RT and

RR yields:

"RT+ (2.11)
2

From Equation 2.3 it was shown that RT + Rr. is equal to R5 + ncrR. Substi-

tuting this into Equation 2.11 yields:

a +I + - (2.12)2

Beyer (4:199) states that the distance from the center of the ellipse to either

foci, 4•, is given by:

0(2.13)
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TX Rx

RT b RR

Figure 2.7. Geometry i-rthe ace when RT R..

Fkom Figure 2.6 it is dear that the distance d4 is equal to RB/2. Substituting

RB/2 into Equation 2.13 for d! and the zight hand side d Equation 2.12 for a,

simplifing and solving fbr b yields:

Sb %/nc'rjt(2A + ncrR) (2.14)

Substituting these expressions for a and b givea by Equations 2.12 and 2.14

into Equation 2.10 and noting that k = 0 fbr the geometry shown in Figure 2.6

yields:
/

4(X - h)2 4y2

(RB + nf-tR) 2 + ncri(2RB + fcri)

Rearranging terms in Equation 2.15 and solving fbr y yields:

= nc•rt(2R& + ncTR)[(RB + nR) - 4(Z -)
2] (2.16)

2(RB + cit')
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Using Equation 2.16 the magnitude and direction of RT can be determined by:

RT = IYTT z (2.17)

OR, =&ct a (2.18)

Substituting Equation 2.17 and 6hT =1 hT - h, I into Equation 2.7 yields

an equation which can be used to determine an exact value br DT which in turns

identifies two points on an equirange contour line on the topographic map.

DT = J/2 + y2 _ (hT - h.)2 (2.19)

Using Equation 2.19 to identify equirange contour lines on a topographic map

can become a very time consuming process because use of the equation is iterative in

nature. For a selected value of z, a corresponding y is calculated. These values along

with the kmown transmitter site height, hT, can then be used with Equation 2.19 to

determine DT from the clutter heights, h,, along the direction given by Equation 2.18.

The process is a trial and error procedure when completed manually in search of the

values of DT and h, which satisfy the equation. If digitized surface height data were

available the process could be automated, -but this is not the case.

An alternative is to establish an acceptable level of error in DT and identify

the conditions where DT can be approximated by RT. RT is easily identified and

can be plotted directly on the topographic map by using Equations 2.16.

Let the error associated with assuming that DT can be approximated by RT

be denoted by ew where eRpj is defined as:

RT-- DT (2.20)
RT
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The maximum width of any clutter cell will occur along the major axis of the

equirange ellipses which define the cell. For an arbitrary r9a clutter cell, the distance

traveled by the wave from the transmitter to the leading edge of the ellipse definaing

the cell is c(To + (n - l)?Ra/2). Similarly, the distance traveled by the wave to the

ouatermost ellipse which defines the flh clutter cell is c(To + nrlt/2). Therefore the

maiximum width of the nz~' dlutter cell is given by:

=W-~ c TO + (n -l)TrR\ c' (2.21)

/The criterion for determining the quality of the D7- ;t RT assumption will

be how much error is introduced into the width of the dlutter cell and in turn the

location of the dlutter cell delim~iting ellipses. Letting the. P represent a numerical

'percentage expression the condition for the assumption is stated as:

e'd 5 Me(2.22)

Substituting Equations 2.21, 2.20, and 2.7 into Equation 2.22 yields:

RT- I(Rr)2 - (6AiT)2 < PCTR (2.23)

Substituting SAT =~ 7 J into Equation 2.23 and solving for h, yields:

h. 5 CTR/P [2R - P(CrR)2J + AT (2.24)

By specifying a percentage ci the total range cell width, P, as an allowable error,

Equation 2.24 can be used to identify a range of clutter heights, h,, which allow DT

to be approximated by RT. For areas which meet the conditions established by

Equation 2.24, Equations 2.16 and 2.17 can be used to identify the perimeters of

specific range cells.
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Figure 2.8. Clutter Blocks Created by the Antenna Patterns.

2?.3.2 The Antenna Patterns. Once the equirange contour lines have been

identified, the actual shape of the target area which contributes to the clutter power

detected at the receiver can be determzined by overlaying the the system antenna

patterns as illustrated in Figure 2.8. In this research project, the main beam pat-

terns as well as the significant side lobe patterns will be considered. In Figure 2.8

OTmIt and ORml represent the 3 dB beamwidths of the transmitting and receiving an-

tennas mail lobes. The notation used is similar for the side lobes. The side lobe

beamwidths represented. by 0 rTa and Oput are determined by the width of the side

lobes at points where their power has decreased to 3 dE below mazimum. The

dashed lines represents the equirange contour lines which delimit the range cell.

The impact of including the side lobe patterns is that a particular range cell

may include up to nine individual clutter blocks which act as sources of scattered

2-14
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energy as opposed to a single clutter block when only the main beams are considered.

The additional dutter blocks are a result of the interaction of the main and side lobes

of the two antennas. Each antenna pattern intersection in a single range cell will be

treated as a separate clutter cell as shown in Figure 2.8. Here the individual clutter

cells are labeled al, a2, a3, and a4 to identify the different possible combinations of

gains and beamwidths.

In the diagram, al represents the intersection of both main beam patterns

while a2 identifies the intersection of the transmitters main lobe and the receivers

side lobes. Similarly, a3 identifies the receiver main lobe to transmitter side lobe

intersection and a4 the side lobe to side lobe intersections.

The number of additional clutter blocks to be considered will depend on the

width of the range cell, the bistatic angle, the base line distance between the trans-

mitter and receiver and the individual antenna patterns. Note that in Figure 2.8 the

range cell shown has only eight clutter blocks. This situation will not arise for the

system used in this research -bcause of the narrow transmitter beam width and the

short distances between the transmitter,. receiver, and target area.

Each clutter cell may have to be fiuther subdivided into blocks and analyzed

individually. The analysis of the target area terrain involves identifying the heights

those areas which exhibit similar roughness characteristics and surface cover. Each

similar block of surface area was analyzed to determine the mean and variance of

the heights and a height distribution which best describes the block. From these

characteristics it was possible to calculate the RCS for each target area bloc& For

those dutter cels which engulf more than one type of surface area, the cell w be

further subdivided into clutter blocks corresponding to the respective target area

blocks. The RCS from each target area block can then be used with the area othe

clutter block to determine the power contribution from that clutter block. The ttal

power from the clutter cell will be the sum of the powers from the individual clut ter

blocks.

2-15
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The notation used in Figure 2.8 is not meant to imply that all clutter cells

labeled similarly will have the same type of height distribution or even identical

physical areas. This requires that the receiver clutter power formula given by Equa-

tion 2.1 be modified to replace a single transmitter gain, receiver gain, and bistatic

cross section with summations as shown below to account for the multiple gain and/'

cross section products.

PA2 (GT,.mGRmb., + GTGR.a Z?=1 Oab., + GTGR,. = oUb.,, + (.T.GR •=k1 o'ba4k)
(4r)3D? D2 L

(2.25)

Where:

GTm gain in transmitter main lobe

GT, = gain in transmitter side lobe

GR.. = gain in receiver main lobe

"GR= gain in receiver side lobe

b,= cross section of ai c dutter cell

2.4 Determining the Incoherent Contribution Power.

2.4.1 Rough Surface Models. Many models exist which describe scattering

from rough surfaces (3:70-99), (13.671-753), (9:75-89). The most general of these

is presented by Barricl (13:703-729). He addresses two specific cases for incoherent

scattering, slightly rough surfaces and very rough surfaces. The approach varies

for determining the normalized RCS depending upon the roughness of the surface.

Barrick denotes the scattering coefficient as -t(Oi, 0., q0o) (13:672) which he defines as:

'= (0(,, 0.) (9.26)
A

Where:
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A = The area of the terrain surface being characterized.

W(o(e, 9., 0.)) = The average RCS of the surface in question.

It is apparent from Equation 2.26 that Barrick's -y(Oi, 0., q,) is often denoted as

u0 the normalized Radar cross section (NRCS) by other authors. For a given target

area, Equation 2.26 will have to be used for each section of the target area that

displays different height or surface cover characteristics. The target area composed

of homogeneous characteristics used to determine the RCS of the area may not be

totally illuminated by the wave front for a single range cell. The RCS in Equation 2.1

is the total cross section of a single range cell. Therefore ab for a given range cell is

given by:

o= 0'(, 0,,,,)A, = (o(8, 0., •.)) (2.27)

Where:

A, is the area of the terrain iruminated by the wavefront which corresponds

to a given range cell.

Two assumptions stated by Barrick (13.672) are: DtD, > A, the product of the

target to transmitter/receiver distances must be greater than the area of the terrain

characterization surface in question, and A2 < A, the operating wavelength must be

much less than the area of the terrain characterization surface. These assumptions

can be used to set limits on the size of the homogeneous areas of terrain used to

develop the terrain statistics (A2 < A c DAD,).

The roughness scale is determined by comparing the rm" hight of the surface

(h) to the wavelength (A) of the signal being transmitted. For cases where h < A,

the surface is considered to be slightly rough. When h A A, the surface is considered

as a very rough surface.
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2.4.2 Incoherent Scatteriny F-rom a Slightly Rough Surface. Barrick (13:703-

706) explains incoherent scatteriz-, from a alighdy rough homogeneous surface as:

"-7 = 4 kgh2 ccs 2 9 coo2 $a I CapN 12 I (2.28)

Where p and q represent the polarization state of ihe incident and scattered

waves. In Equation 2.28 the quantity I was defined as Silows:

, = f ,,rp(r)Jo (rko dr = (ko +(2

In Equation 2.29 f, f., p(r), and r axe defined as:

sin O - sin 0. coo (2.30)

=sin 8. sin (2.31)

p(,) = (C(Z, y)C(X', V'))h2r (2.32)
h2

r = /(z - z')2 + (y - V,)2  (2.33)

Equation 2.32 is the surface height correlation coefficient. In order to use

Equation 2.29 the distribution of the surface heights must be known or a height

distribution must be assumed. The two most commonly used distributions (13:704)

are Gaussian and two sided exponential. A Gaussian surface height distribution

will be assumed for the work accomplished during this research. Based on this

assumption, Equation 2.32 becomes:
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P(r) =ezp (7_r2) (2.34)

Substituting Equation 2.34 into Equation 2.29 and carrying out the integration

yields:

I= r12exp (2.35)

Where the quantity 1 in Equations 2.34 and 2.35 represents the correlation

distance, the distance required to cause the correlation function to reach a value of
1/c.

The final term required for Equation 2.28 is an expression for the ap, term. As

previously stated, only linear polarizations are to be considered here, therefore the

only terms which apply to the task at hand are aA and ct,. The terms are defined

by Barrick (13:706) as:

-1) g in 9 i .CO j i29~/, f ~a'. n2 .) + 12(f -1COS.

(2.36)

(C' - 1) (, sin 6i s 0. - cos sin 2,, - sin' 2. +4(, -1)cos
(f,- CO (.+ si ,COS 0. +

(2.37)

Where:

c, =The relative permittivity of the target area.

p, =The relative permeability of the target area.
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Equations 2.36 and 2.37 mu be simplified by assuming that objects in the

target area will probably consist of nonmagnetic materials. This implies that p, •- 1

and Equations 2.36 and 2.37 can be recast as:

k - 1)Co.;
ahh = - s (2.38)

(cos , + Cos 0.+

(f,- 1) ( in Oie sin 0, - Cos 702.
aim= (Ecos-i-V--2n7) (frcos a-- '--in9. (2.39)

The incoherent scattering from slightly rough surfaces lypically is caused by

the material covering the terrain surface like grass, crops, and foliage. A detailed

description of these items is required to develop a statistical characterization of their

heights and composition. Unfortunately, this type of information is not available

from topographic maps.

The maps do provide a general description of the type of land cover in categories

like forest, swamp, sand etc. More specific information about the ground cover is

required to implement the procedure outlined in this section therefore, incoherent

scattering from slightly rough surfaces will not be demonstrated in this report.

2.4.3 Incoherent Scattering From Very Rough Surfaces As the roughness of

the surface increases, the scattered power attains more contribution from the in-

wrherently scattered power and less from the coherently scattered power. Barrick

states (13:719) for k0h > 5 the scattered power is essentially incoherent.

The approach for deriving the very rough surface solutions differs from the

slightly rough surface approach. The principle of physical optics was used by Bar-

rick to solve the Stratton-Chu integral equation to describe the scattering from very

rough surfaces. His derivation and analysis are based on the tangent plane approxi-
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nintion to identify thr siri:IcI current present on 1 lhitc TV'cion of terrain to c

the integra ~luotn. A titati~ticlr.1 repirselntationl of the randloinly OilcftCel tr'rrai

rI I fa ce heigh1ts 1s rc71;uIred to) cxpress the Fwattcring, as, specular rvile~ctioui froml the

radM11.0 surfaCesq inl the( targe-,-t Lrea, (13:719). hIls approach (13:720) ilivol,"s t'ue

following restrictions:

1. Tlic radlins of cixraturc > A\.

2. Thc ogns is isotropic.

3. Thc correlation hlength I < ~i

4. Thc effects of imiltiplc scatt'ring and shadlowing werc e lct.

flased upon these assumptions, the average NR1CS w-s derived by IBarrick (13:720)

is g7ivenI by:

7ri j 3,1I J (2..1:0)

Inl Equation 2.10 13,, and J are, axilo iu to the quantities (-,,~ and I for the

slihtly roughi torface X'vre J ~ilA Lhic y Da~rrick a:L;

J )Ao r rJ1, (rko( Al + i) A)', (iA'oý,, -ikuýN; r) dr (.1

Where:

.1o(x) is a ;winr order cylind rical IV~lfunction.

C and (' aLre surfarce height r:Ludoni varal-ULeS crte a djistance r.

Ac(iu, v; r) Ls the- joint characteristic. funaction of the surface height randoin

'I~~joint characterirtic function is the, Fourier tranfuorn of the joint proba-

bility density fuinction (.JPDF), ~j( ('),, wich describes the surface heigh,,ts. As
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with the I function from Equation 2.29 for the slightly rough surface, the density

function describing the heights must be known or assumed to calculate a value for

the J function. This JPDF will again be assumed to be Gaussian and given by:

S"i{ [C2 - 2CC'p(r) + (I)i] (.2
(,) 2w/a2 [1 P{ 2 [ p2(r)] } (2.42)

In Equation 2.42, C and C' represent the surface heights at two locations (z, y)

and (z', y') and p(r) represents the Gaussian correlation function given by:

p(r) - exp -r (2.43)

Where:

r2 (Z - :,)2 + (y _ y,)2 The distance between two points.

2 = The square of the correlation distance.

Barrick (13:721) argues that the Gaussian correlation coefficient, Equation 2.43,

can be expressed by the first two terms of a power series expansion for his develop-

ment of the high frequency scattering model as:

p, ss I - r2 (2.44)

Using the Gaussian height JPDF given in Equation 2.42 and the small

signal approximation for the Gaussian surface height correlation function given in

Equation 2.43 in Equation 2.4 yields the following expression after integration:

J= 4~ eP.Ic) (2.45)

Where the quantities in Equation 2.45 32, C, f., and G have been defined as:
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e,= si Oe- sin u, cm(2.46)

,sin = sin, . (1.47)

=-O 9 - Cosq. (2.48)

23 4h2  (2.49)

Where

h2 is the mean squared toughness height.

I is the surface correlation length.

The scattering matrix in Equation 2.40 is represented by ,,, where again the

subscripts p and q denote the polarization state d the t-ansmit and receive antennas

respectively. In this research, only vertical and horizontal linear polarizations were

considered and the scattering matrix elements were defined as:

a2a3R j(t) + sin• , Sin (. Sn O.R,(,) (2.50)

= -sin 8, sin 9. sia• •.Rl() - aza 3R±(:) (2.51)

The expressions R,.L() and AI(s) are modified Fesnel reflection coefficients

given by the Wllowing expressions:

t(,) cs a -(2.52)

4 COSt-+ 23 4 - 2S
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=f.(: (2.53)pCos t +I d//.-sn2 s

The angle s used in Equations 2.52 and 2-53 has been defined as follows by

Barrick:

Co I - i isn0 o o ics0

2= -f- s.oo.,.+ou ,o. (2.54)

The quantities a,, a2, a3, and a4 used in Equations 2.50 and 2.51 have been

defined as follows:

a, 1 + sin Oi sin O. cos .-wos OiG OS. (2.55)

a2 =COs O sin O. + uin Oi os O. ows. (2.56)

a3 =sin O sin O. + cos O sin 0. cos. (2.57)

a4 =cos OG + COu . (2.58)

By using the expressions given above, the NRCS of a selected block of ter-

rain which meets all the restrictions listed can be calculated for any given bistatic

geometry. The NRCS can then be multiplied by the area of this terrain which is

illuminated by both transmitting and receiving antennas fir a particular range cell

to determine the the RCS. Once the RCS is known, the scattered power from the

section of terrain can be determined by using Equation 2.25.
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III. Application of the Process'and Results

8I Known System Parameters.

In this chapter the process described in Chapter II will be applied to a ground

based bistatic system operated by the sponsor, RADC/EECE. The process elements

which can be implemented from information obtained from topographic maps will

be illustrated and results presented. The starting point is to identify all known

parameters for the system in question.

The transmitting hardware is a pulsed 3 GHz S band weather radar system lo-

cated near Stow Massachusetts and operated by the Air Force Geophysics Laboratory

(AFGL). The transmitter radiates a peak power of 800 KW using a 28 foot parabolic

dish antenna. The antenna is located atop a 15 &oot tower on a hill top which has

an elevation of approximately 93 meters, therefore the quantity hT ý- 97.572 meters.

The transmitter has a PRF of 1 Kz and a pulse width of 1IuS. The beam width of

the antenna's main lobe was estimated by the sponsor to be approximately 1I.

The receiving hardware is located atop Prospect Hill in Waltham Massachusetts

and employs a standard gain 20 dB horn antenna. Prospect Bill is approximately

144 meters above sea level, therefore the quantity hA % 144 meters. The receiver is

capable of operating with a variety of range gate intervals but will u s 1 pS interval
/f

for this project, therefore the quantity ril = #pS.

The linear distance between the transmitter and receiver sites is 19.248 Km

and the baseline slant range can be determined from Equation 2.4 using hT = 97.572,

hAR = 144, and DB = 19248. Performing the calculation yields RB f D =9 19248

meters.
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9.2 Establishing the Clutter Cells.

To establish the clutter cells three patterns must be identified. The equirange

contour lines must be identified on the topographic map. In addition both antenna

patterns must be identified. The intersection of the antenna patterns and a particular

range cell identifies the clutter cell dimension applicable to that particular range cell.

3.2.1 Identifying the Equirange Vontour Lines. The first step is to determine

the equirange contour lines. Both sites are located on a sigle USGS topographic

map, The Maynard Massachusetts 7.5 by 15 minute map. A rectangular coordinate

system was established on the topographic map such that the transmitter site was

located at the origin and the base line between the transmitter and receiver was

taken as the x axis. The coordinate system was scaled so that 1 cm corresponds to an

actual distance of 250 meters. A fortran program was written based on Equation 2.10

which produces y values for 250 meter increments of the z coordinate. The equirange

contour lines were manually plotted on the map for the first 22 range cels.

The limitations initially placed on the data collection area by the sponsor

were that the powers from 3 to 5 range cells were to be estimated with the bistatic

angle, P, held between 120* and 1600. These requirements were altered during the

course of the research in that the sponsor specified three actual target sites on the

aforementioned map.

3.2.2 Identifying the Antenna Patterns. Little information was available about-

the antenna characteristics in addition to the parabolic dish diameter and the gain
of the horn antenna. However from the information available it was necessary to de-

termine the beam widths of the main lobes and side lobes of both antennas and their

locations relative to the antenna bore sight so that the dutter block area determined

by the intersection of the two patterns could be determined.
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/ 3.2.2.1 The Transmitting Antenna. As previously stated the only in-

formation available on the transmitting antenna pattern was that the main lobe

beam width was approximately 10. In order to identify the side lobe beam width

and relative locations of the side lobes as well as the gains associated with the beam

widths it was necessary to perform dome reverse engineering. No information was

available to the researcher about the dish feed antenna or the illumination pattern.

As a first attempt to identify a feed pattern which produced a 1P beamwidth,

the parabolic reflector was treated as uniformly illuminated circular aperture, where

the transmitting antenna had a diameter of 8.5344 meters. Kraus (7:344) gives the

normalized field pattern as:

j,( ) ~ [( -'D )sgin 9]
E(O ( in2 (3.1)(•sin 0

Where:

D = the diameter of the aperture

0 = the angle with respect to the normal to the aperture

J, = first order Bessel function

The normalized power pattern can be obtained from Equation 3.1 as:

F. () E.( 2[(] (3.2)

f(o.) ) sin 0

The beam width for the main beams will be taken as the 3 dB beam width of

the normalized antenna power patterns. The 3 dB points occur at the point where

"Equation 3.2 drops to a value of 1/2 from the maximum power point which occurs

an bore sight. Letting z = wD/A sin 0, implies that:

Jdz) -1 F4 0.35355 (3.3)
X 2,r2
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Uting BalaniO' Ji(x)/x table (1:943) and interpolating to find the value of x

for J.(x)/x = 0.35355 yields x = 1.61612. But x = irD/A sin 0, therefore the 3 dB

point occurs at 0 = arcsin(1.61612A/zrD). The half power beam width (HPBW) is

equal to twice the 3 dB point, hence:

(1.61612A• 34
HPBWmb = 2arcsin (61 (3.4)

Applying Equation 3.4 to the transmitting antenna yields a beam width of 0.7*.

In an attempt to locate a feed pattern which produced more acceptable results, the

fA.d •:tcrn was assumed to have a parabolic taper. Stutzman and Thiele (17:420-

,'-21) provide information in tabular format for several orders of parabolic taper

and edge illumination. Using the HPBW as a guide it was determined that the

transmitter pattern more closely matches a second order parabolic taper. They

estimate the HPBW in radians as:

HPBW~rad) = 1.47A 1.47A (3.5)HPB~ra) -2a -D(35

Using a wavelength of 10 cm and a dish diameter of 853.44 can in Equation 3.5

"yields a HPBW which is approximately 10.

"jHB~a) (1.47)(10)HPBW(rad) 853.44 - 0.0172244rad = 0.9860 (3.6)

The normalized field pattern associated with a second order parabolic taper is

given by:

43J( sin 0) (3.7)
E(0)- tin0)3

The normalized power pattern of the antenna is equal to the square of the

normalized field pattern, therefore:
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P [9) s 2 (3.8)

The location of the side lobes and the respective 3 dB down beam widths must

be determined for the antenna pattern. The first side lobes occur at the first peak

of the Bessel function away from bore sight. Referring the the Balanis tables again

(1:942) this peak at z s 7.9167. But z = xD/A sin$, therefore setting the two

quantities equal and rearranging to solve for 0 yields the center line direction for the

first side lobes.

01 arcsin (7.9167A (3.9)

Solving Equation 3.9 to determine the angle which corresponds to the side lobe

center lines for the transmitter (Oit) yields O.gt = 1.70°. The normalized power levels

at the side lobe center lines was obtained from Equation 3.8 by setting z = 7.9167

and solving which yielded a power of 816.956 pW or -30.9 dB. At the 3 dB down

points from the side lobe center line this pow-! is cit in half to 408.48 pW. Therefore

solving for the corresponding angle F.(O) = 408.48 uW yields a recursion equation

in z. Solving the equation yields z s 8.81. Replacing 7.9167 in Equation 3.9 with

8.81 and solving identifies the location of one of the 3 dB down angles.

Oa,=::arcsin (8"1A) (3.10)

Using Equation 3.10 to find the side lobe 3 dB down angles for the transmitter

produces 1.880. The side lobe HPBW eqnals twice the difference between the side

lobe center line angles and the 3 dB down angles. Hence for the transmitter:

HPBW,2 = 2(0,1t - B.Ih,,) = 0.37 (3.11)
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The final process in determining the transmitter antenna pattern was to de-

termine the appropriate gains for the main and side lobe beam widths. Barksdale

(2:1-54) identifies the directive gain function of an antenna as:

D9(O) - GoF.(O) (3.12)

Where Go in Equation 3.12 is the maximum power gain of the antenna. Equa-

tion 3.12 has been modified to no 0 variations since the parabolic antenna in question

has antenna patternb which are synametric in the 0 direction. The maximum power

gain of the antenna, Go, is equal to the efficiency of the an-'nna times the directivity

of the antenna.

Go = eDo (3.13)

The efficiency of a parabolic reflector (10.6) can be estimated as, e = 0.55.

Kraus (7:345) identifies the directivity of an antenna as:

4D Ap (3.14)
A2

Where Ap in Equation 3.14 is the physical area of the aperture. For the

parabolic reflectors the aperture area is the area of a circle of diameter D. Sub-

stituting Ap = x(2)2 into Equation 3.14 results in:

Do= (D) 2  (3.15)

Combining Equation 3.15 and the efficiency estimate of 0.55 in Equation 3.13

results in a maximum power gain of:

Go= 0.55 D (3.16)
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Applying Equation 3.16 to the transmitting antenna in thi.- bistatic system

yields a maximum gain for the transmitter of-

o (0 8.5344 2
Go, (0.55) 0.1 39537.4 45.97 dB (3.17)

Applying the results of Equation 3.17 to Equation 3.12 results in gapin functions

which can be used to identify the gains associated with the main and side lobe beam

widths of the antenna. The gain of the antenna main beam was taken to be equal to

the maximum directive gain. The gain for the side lobe beam widths were calculated

as the gain at the side lobe center angles, 0 Oat 1.700.

D,,(9) = GoF.(6) - 34.43 - 15.37 dB (3.18)

3.2.2.2 The Receiving Antenna As previously mentioned the only in-

formation provided was that the receivirg antenna was a 20 dB standard gain horn

antenna. From the literature reviewed the term standard gain was most often ap-

plied to pyramidal hoi: antennas designed for optimum gain. Though this was not

explicitly stated in the material, the following procedures are based on this assump-

tion.

Stutzmaa and Thiele (17.411415) outline a procedure for designing an opti-

mum gain pyramidal horn. The results of their design procedure are the pertinent

. physical dimensions of the antenna. These dimensions are illustrated in Figure 3.1.

From these dimensions the gains and beam widths can be estimated from the uni-

versal radiation patterns provided (17:409).

Rkom the conditions for optimum gain of E-plane and H-plane sectoral horns,

Stutzman and Thiele (17:413) develop a recumon formula for designing an optimum

gain pyramidal horn illustrated in Equation 3.19.
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Figur 3.1. Pyramidal Horn Geometry.
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(o -1) 1 (3.19)
Equation 3.19 can be used to solve for o, provided the waveguide dimensions a

and b feeding the horn and the gain G are known. In Equation 3.19 a is gi -- .)y:

IE (3.20)

Therefore Equation 3.19 can be used to solve for a which in turn can be used

to determine the dimension eE. With the value of eE Equation 3.21 can be used to

determine B.

B V2AR, ýfWE(3.21)

With a value for B Equition 3.22 can be used to determine A.

4ir 2r
G = ,ep-T.4 ,= -. (AB) (3.22)

Where c, in Equation 3.22 is the aperture efficiency of the antenna. An

aperture efficiency of 0.5 is a common value used for horn antennas. The quantity

AP in Equation 3.22 represents the physical area of the antenna aperture which is

equal to the product AB. With the lengths A and B established, the universal

radiation patterns provided by Stutzman and Thiele (17:409) can then be used to

identify the beam widths of the main and side lobes for both the E-plane and H-plane

sectors as well as the respective directions of the side lobes relative to bore site.

The waveguide dimensions were obtained from Pozar (11:716), where he iden-

tifies a WR-284 waveguide as an appropriate choice for S band. The dimensions

for WR-284 are a = 7.214 cm and b = 3.404 an. Stutzman and Thiele suggest
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an initial value of a = G/2rlrV. After many iterations, it was determined that

a 6.21430022. Using this value in Equation 3.20 and solving for I yields:

I = Ao, = (.1)(6.21430022) 62.413cm (3.23)

Using this result in Equation 3.21 to solve for B yields:

B z v/ = V/(2)(10)(62.413) = 35.33cmn (3.24)

Using this value for B in Equation 3.22 and solving for A yields:

A4 = GA (100)(10)2 = 45.09c (3.25)
2'B (2)(35.33)7r

Using these values and the universal radiation patterns (17:404,409) the neces-

sary patterns were identified. In the E-plane, the 3 dB beam width was established

as 14.14*. The first side lobe occurs at 23.60 has a beam width of 7.6" and is 9.1 dB

down from the main lobe. In the H-plane, the 3 dB beam width was established as

11.1° and the side lobes are not distinguishable from the main beam.

3.2.3 Identifying the Clutter Cells. The clutter cells assume the shape out-

lined by the " teisection of a selected range cells, the transmitter antenna patterns,

and receiver antenna patterns. Before the antenna patterns from Section 3.2.2 can

be overlaid on the equirange contour lines which delineate a specific range cell, the

bistatic angle for the system must Le selected. As previously mentioned, the require-

ments were altered by the sponsor during the course of the research. Originally three

bistatic angles were to be selected between 120" and 160". In light of the fact that

an adequate shadowing function Lad not been developed and use of a shadowing

function would require digitalization of all terrain heights between the transmitter
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and target as well as between the receiver and target, three sites were jointly selected

by the researcher and the sponsor.

Site (me was a hilly forested area located approximately 500 meters south of

Lincoln, Massachusetts. The distance from site one to the transmitter (DT) was

measured to •e 14.4625 Km. The distance from site one to the receiver (DR) was

measured to be 5.775 Kin. The bistatic angle was determined by applying the law

of cosines to the geometry involved. 'i .ý- general form is provided in Equation 3.26.

Applying the values for DT, DR, and the baselintb distance between the transmitter

and receiver (DB = 19.248Km) to Equation 3.26 yielded i. histatic angle of 140.00

for site one.

= arccos + - (3.26)2DRDT

Site two was Fairhaven Hill located approximately 2.5 Km south of Concord

Massachusetts. The distance from site two to the transmitter (DT) was measured to

be 11.050 Km. The distance from site two to the receiver (DR) was measured to be

9.875 Km. Using these values in Equation 3.26 resulted in a bistatic angle of 133.7*

for the physical layout of site two.

Site three was Pine Hill located approximately 500 meters west of the Hanscom

Air Force Base runways. The distance from site one to the transmitter (DT) was

measured to be 16.1125 Km. The distance from site one to the receiver (DR) was

measured to be 9.9625 Km. Substituting these values into Equation 3.26 yielded a

bistatic angle for site three of approximately 92.1%, which is outside of the original

target range for bistatic angles.

The antenna patterns were then manually plotted on the topographic map

at each of the selected sites. The intersection of the transmit and receive antenna

patterns was used to identiry the portions of range cUlls illuminated at each site.

This intersection of the transmit and receive antenna patterns along with the range
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cell constitutes a clutter cell. At site one, the transmit antenna's main lobe and side

lobe patterns intersect with the receive antenna's main lobe pattern over range cells

3, 4, 5, and 6. The receiver antenna side lobe pattern intersects with the transmit

-antenna's main aud side lobe patterns over range cells 6, 7, 8, and 9.

For site two, the transmit main and side lobes intersect with the receive main

lobe over range cells 4, 5, 6, 7, and 8. The receive antenna side lobe intersects

the transmit antenna's main and side lobes over range cells 10, 11, 12, 13, 14, and

15. As the bistatic angle decreases, the antenna pattern intersection points occur

at distances farther from the baseline between the transmitter and receiver. As

the intersections occur farther from the baseline, the range cells get progressively

narrower and hence more range cells are illuminated.

For site three, the transmit main and side lobes intersect with the receive main

lobe over range cells 18, 19, 20, 21, 22, 23, 24, 25, 26, 27, 28, and 29. The receive side

lobe intersects with the transmit main and side lobes over many range cells starting

from cell number 24 and continuing off the map.

In order to apply Barrick's rough surface scattering formulas, it was necessary

to cha,.--terize the terrain being illuminated in the clutter cells statistically. The

terrain to be chd:kcterized was first divided into rectangular blocks as shown in

Figure 3.3 such that each block covers an area of terrain with homogeneous charac-

teristics. Unfortunately, nature r,-Lly simplifies the procedure by allowing an entire

area illuminated to be composed of a sine!., area of homogeneous characteristics. An

example at this point may be helpful.

Assume that a particular clutter cell has been idutified on the topographic

map. The terrain area of the cell is partially composed of kor•-•ed hills and partially

composed of rolling grass land. The site would have to be divided into two rect-

angular blocks, one to characterize the forested area and a second to characterize

the grass land. The intersection of the clutter cell and the forested characterization

block would be considered a clutter block. Similarly, the intersection of the grass land
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characterization block and the clutter cell would comprise a second clutter block. To

find the scattered power from this section of the range cell would require solving for

the clutter power from each clutter block individually. The total power from the two

clutter blocks would be the sum of the individual magnitudes.

3.3 Terrain Site Characterization.

It is easy to see how performing these calculations manually could quickly

become an accounting nightmare. The area illuminated by the receive antenna main

lobes and the transmitter antenna's total pattern covers portions of five range cells.

The receive antenna's side lobes intersect with the transmitter antenna's full pattern

over portions of six range cells. In this situation, each range cell is composed of from

one to three clutter cells. The complexity increases with the number of clutter blocks

involved with each clutter cell. For these reasons, only three range cells at each site

were selected for the demonstration of the process described in Chapter two.

Several pieces of statistical information from each homogeneous terrain area

to be characterized were required to apply Barrick's formulas for determining the

NRCS of the areas in questionJ

First, recall from Section 2.4.3 that knowledge of the height distribution was

required to solve the surface current integral in Equation 2.41. In this research, the

distribution has been assumed to be a joint Gaussian probability density function

denoted by the random variable C(X, Y). One advantage to this assumption is that

Barrick (13:721) has provided a dosed form solution for Equation 2.41 when the

distribution is Gaussian.

Barrick also provides a dosed form solution for a joint exponential height dis-

tribution (13:721) however, Roseman (12:1-2) disputes the validity of the joint ex-

ponential distribution as a valid joint probability distribution function and raises

questions as to its validity for representing rough surfaces. Therefore, for any distri-
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Figure 3.2. Terrain Ocattering Geometry.

bution other than the joint Gaussian pdf, Equation 2.41 would probably have to be

solved numerically.

Second, the reference plane depicted in Figure 3.2 is co-planer with a plane

passing through the mean value of the surface height distribution. Therefore, the

sample mean of the random variable C(X, Y) was required to determine the incident

angle and scattering angles of the electromagnetic energy at the terrain site.

The third statistical quantity required from the surface height distribution

was the sample variance ofthe surface heights. The quantity was used directly

. . .in Barrick's dosed form solution of Equation 2.41 (13:721). Barrick refers to the

variance of the sample mean as the mean square roughness height and identifies it

with the symbol h2.

The final data, and probably the most difficult information to estimate, is the

correlation length of the joint Gaussian distribution.

With the knowledge of the these four items, Barrick's formulation can be used

to determine a value of NRCS for the terrain area covered by the statistical distri-
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bution. Once the NRCS was known, the RCS of that portion of the terrain visible

simultaneously to both antennas was easily calculated.

The terrain areas to be characterized were divided into rectangular areas with

homogeneous characteristics as shown in Figure 3.3. The total area was divided

along each axis into n blocks of width 6,. The result was n2 blocks each with an

area of 6, square meters.

The terrain height at any point in the area depicted in Figure 3.3 was treated

as a random variable denoted by C(X, Y). The distribution of the surface heights

represented by C(X, Y) was assumed to be jointly Gaussian. This is a valid assump-

tion by the central limit theorem as long as the value of n is kept large to provide a

large number of sample points (n2). Fbr the central limit theorem to be appropriate,

the sample mean and variance must not approach extreme values.

Each block in the characterization area was in turn treated as a random vari-

able, C(X = i6,, Y = j$,), which was also assumed to represent a joint Gaussian

distribution of heights. If the Gaussian assumption was not made, each of the blocks

in Figure 3.3 would have to be sampled at increments small enough to allow accurate

development of the governing probability distribution for each block.

This procedure would become almost impossible when working from a topo-

graphic map because of the various sizes of the homogeneous areas to be character-

ized. The size of the homogeneous areas can vary from several square Kilometers

down to several hundred square meters. Unfortunately, the contour lines are only

placed at three meter height intervals and for small characterization areas the distri-

butious for the individual blocks would appear as uniform distributions at a single

height. Except for a limited number of cases, this would probably be a misleading

characterization of the height distributions.

One can extract useful information about the properties of the n2 C(i,j) dis-

tributions based on the assumption that they are all Gaussian, the characteristics of
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Figure 3.3. Terrain Site Characterization Geometry.
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Figure 3.4. Determining the Sample Point Mean from Contour Lines.

the information provided by the contour lines of the topographic map, and proper

selection of the spacing 4.

9.9.1 Determining the Sample Point Mean Value. As previously mentioned,

the contour lines on the USGS topographic map are labeled at intervals of three me-

ters. The size of the areas represented by the n2 C(ij) distributions is determined

by the selection of the quantity 64. If 11 is selected such that a majority of these

distribution areas coincide within the area delimited by two contour lines, a rea-

sonable estimate of the mean value of the individual distributions be extracted.

Figure 3.4 is provided to illustrate this point.

Figure 3.4 illustrates two distribution areas labeled C(i,j) and (i + 1,j). The

distribution area identified as C(ij) is bounded by two contour lines labeled L, and

.7
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/L+a•. FRom this one can infer that a majority of the surface heights in C(i,j) must

lie between the two values represented by the contour lines. In this case, the mean

value of C(i,j) would be determined by:

i + - 2L + LI (3.27)

= 2

Even if great care is taken in selecting the proper value of 8,, there will still

be distribution areas which engulf more than two contour lines. This is illustrated

by the distribution area labeled C(i + 1,j) in Figure 3.4. The concept described by

Equation 3.27 can easily be extended to include the multiple contour line case as:

+ LI (3.28)

d= 2

Where:

Lh represents the contour line of highest value.

Lt represents the contour line of lowest value.

Applying Equation 3.28 to the distribution area in Figure 3.4 which is labeled

C(i + 1,j) would yield:

I m - L2 3 + Li+ 3,m (3.29)
2

By carefully selecting the proper value for 6, and using the procedure outlined

by Equations 3.27 and 3.28 valid mean values for the n2 blocks in each site can be

identified.

3.3.2 Determining the Sample Point Variance. The variance of the distribu-

tion areas illustrated in Figure 3.4 can also be determined with reasonable accuracy

from the data provided by the topographic map contour lines. Using the distribution

area represented by C(i,j) in Figure 3.4, one can again infer that a majority of the
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surface heights fall between the values identified by the contour lizs labeled L, and

LI+3 m. For a Gaussian distribution, 95.4 percent of the distribution values fall within

plus or minus two standard deviations of the mean value. To derive the variance of a

particular area, it was assumed that the difference in contour line values represented

plus or minus two standard deviations.

4a = L 1 -L+ 3 , (3.30)

Solving equation 3.30 for a and noting that the variance equals the standard

deviation squared yielded the following formula for distribution areas bounded by

two contour lines:

Oi2 (L,+3 . - L,)l (3.31)
16

Extending Equation 3.31 to the cases where the distribution area was bounded

by more than one contour line can be illustrated by C(i + 1,j) in Figure 3.4. Fbr

distribution areas similar to C(i + 1,j), the plus or minus two standard deviations is

now represented by the difference in height of the highest value contour line and the

lowest value contour line.

2 (LI, - L,)2  (3.32)

16

3.3.3 Estimating the Sample Mean and Variance. The sample mean value

was estimated as the average value of the mean values of the sample point dis-

tributions. The estimate of the sample mean was determined using the following

equation:

2 1 (3.33)
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In a similar manor the estimate of the sample variance was taken as the average

value of the variances of the individual sample point distributions. The estimate of

the sample variance was determined using the following equation:

= (,,J - (3.34)

3.3.4 Estimating the Sample Correlation Length. The correlation length is

defined as the distance required to cause the correlation function reach a value of

1. The correlation function for the joint Gaussian distribution as it applies to thee

problem at hand is given by:

PC(,j).C(m,,) = MP (3.35)

In Equation 3.35 ((i,j),C(m,n) are any two of the n2 joint Gaussian distri-

butions which are part of C(X, Y). The quantity I represents the correlation length

or distance between the two selected distributions. The quantity r represents the

distance between the two selected distributions and is given by-.

rs -k(X2XM) 2 +(Yi-YA) (3.36)

The correlation function for any two distributions can also be expressed as:

P¢,C.,•- = E - ) - k)] (3.37)
driiffmk

Where in Equation 3.37 the E[.] represents the average or expected value of

the argument. Carrying out the multiplication of terms in Equation 3.37 and using

the fact that the expected value of a sum is equal to the sum of the expected values,

allows the correlation function to be expressed as:
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pc,€.,= E[C jCerk] Puj/.k (3.38)
G~O'ifmk

For any given combination of sample distributions, all the quantities in Equa-

tion 3.38 can be determined with the exception of E[CjjCmk]. Similarly for any com-

bination of of surface distributions, the only unknown quantity in Equation 3.37 is

the correlation distance. By equating the two equations and determining an estimate

for E[CijnCk] an average value for the correlation distance could be determined.

During the literature search, the researcher could find no accurate method

described to estimate E[C4jjkj. It effectively represents Low much inter-dependence

there is between two surface heights in this problem. It was decided to estimate

E[CijCmk] by the variance estimator for the sample or. Making this substitution into

Equation 3.38 and equating Equations 3.37 and 3.38 yields:

exp I- = •qi,
O~ ,2-Iijjmk (3.39)

Taking the logarithm of both sides of Equation 3.39 and solving for 2 produces

tihe following expression:

1= r2 (3.40)

Equation 3.40 provides a value for the correlation distance for a single combi-

nation of surface height distributions. However, any individual distribution could be

correlated with any of the other distributions. Since there are n2 distributions, there

are n0 possible combinations of distributions. With this in mind, the estimator for

the average correlation distance is provided below.
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2= r2(3.41)
i=1 j=1 m=1 k=1 In (-~

Where r2 in Equation 3.41 is given by Equation 3.36. A FORTRAN program

titled SiteChar.for was developed to determine the estimators previously described

(P, 2', and A) from the site data which was manually extracted from the topographic

map.

3.4 Determining the NRCS of the Site Characterization Block.

At this point in the process, the topographic map has been annotated at each

of the selected sites with the range cell lines and the antenna patterns for both the

transmitter and receiver. To apply the concepts outlined in the previous sections

the raw data must be extracted from the map at each site. A single homogeneous

area at each site was selected for analysis. From each of these areas three raige cells

were selected.

The range cells selected for site one were cell numbers three, four, and five. At

site two, range cell numbers five, six, and seven were selected. Finally at site three,

range cell numbers 21, 22, and 23 were selected for the calculations that follow.

The areas to be characterized were too small to allow the data to be directly

extracted from the map. Therefore, the selected areas of the three map sites were

enlarged via photocopier to allow more accurate data extraction. The three areas

received different degrees of enlargement due to the varying density of the contour

lines at each site.

The characterization blocks used were divided into 400 equally epaced areas.

The value of 400 was selected to insure enough sample points were used to insure

the assumption that the random variable, C(X, Y), was jointly Gaussian. The as-

swmption was based on the central limit theorem which requires a large number of

samples. A more realistic picture of the distribution would be possible with even
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more sample points however, all data points had to be extracted from the map by

hand. The value of 400 sub areas was a compromise to minimize the manual labor

required to extract data at each site and still maintain the validity of the Gaussian

assumption which was based on the central limit theorem.

Site one was divided into 400 square sub areas which measured 23.348 m

per side. The total area encompassed by the site one characterization area was

218.052Km 2. Each of the sub areas in site two were 31.667 m per side. The total

area involved for site two was 401.12Km 2 . Finally, the sub areas in site three were

37.703 m per side for a total area of 568.61Km 2.

The input data to the FORTRAN program Sitechar.for took the form of two

real numbers per sub area. The first number represented the value of the highest

contour line bordering the area and the second number represented the lowest vaTk.e

contour line bordering the area. With these inputs, Sitechar.for calculated the mean

(a), the variance (cr), and the correlation length (1) estimates for the sample. Ta-

ble 3.1 displays the results of running the program Sitechar.for on the three sets of

input data. All of the collected and calculated data is provided in appendix A.

3.5 Calculating the Range Cell Power.

The clutter power from each range cell was calculated with Equation 2.25 for

each range cell at both polarizations. Before Equation 2.25 could be utilized the

NRCS for each site characterization area had to be determined. A second FOR-

TRAN program titled Sigma.for was written to determine the NRCS from the site

characterization data and knowledge of the locations of the site, transmitter, and

receiver.

Once the NRCS for the characterization area was know, the clutter block areas

were determined and used along with the known antenna gains to determine the

clutter power from each block. Summing the clutter power from all blocks located

within a range cell yielded the total clutter power from the range cell in question.
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Site 1 Site 2 Site 3

4 23.348m 31.667m 37.703-n

ii 81.859m 73.748.-n 44.084m

0'2 186.074m 2  209.830m2  68.574m 2

P 45.687m 2  82.365m2 116.587m2

Table 3.1. Site Characterization Data.
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Site I Site 2 Site 3

2.539277 3.262236 0.0

71.11379 326.910 0.0

Table 3.2. NRCS Data from Sigma.for.

The output from the program Sigma.for was two NRCS values for the charac-

terization area. The first for both transmitter and receiver using vertical polarization

and the second for both employing horizontal polarization. The input files used and

the data files resulting from Sigma.for were included in Appendix A. Table 3.2 lists

the rvsults of running the program.

The input data required for Sigma.for included:

1. The transmitter to clutter cell distance (Dt).

2. The receiver to clutter cell distance (D,).

3. The sample mean estimate (j).

4. The sample variance estimate (a2).

5. The relative permittivity of the site characterization area (e,).)

6. The transmitter site elevation (h,).

7. The receiver site elevation (h,).

8. The correlation length of the sample (1).

All three of the characterization sites were populated by trees and the average

value for the relative permittivity was taken to be 4.0 + jO.45 (8:8). The site areas
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were assumed to be composed of non-magnetic material and the average value for

the relative permeability was taken to be 1.0 + jO.O.

3.5.1 Clutter Powerfor Site One. The clutter power for three range cells was

determined for site one. The selected range cells were cells three, four, and five.

When using vertical polarization, three dutter blocks were illuminated by the

transmitter and receiver antenna patterns. One of the blocks was created by the

intersection of the two antenna main beams. The remaining two blocks were created

by the intersection of the transmit antenna side lobe and the receive antenna main

lobe. Inserting the known information for range cell three into Equation 2.25 yields:

P = Pt,\2GRmo,,,, [GT.A.l GTAc2  GTjAc3 (3.42)
(4•r) 3  [D?2D + Dt2 2  + 2 D3.4D 2D1 D 91 l r2 r 2

Where:

GTM = The transmit antenna main lobe gain (39537A).

G-, = The transmit antenna side lobe gain (34.43).

GRn = The receive antenna main lobe gain (100.0).

Ac1 = The area outlined by the intersection of both antenna main beams and

the equirange contour lines which define range cell 3 (200000m 2 ).

AC2 = The first area outlined by the transmit antenna side lobe, the receive an-

tenna main lobe, and the equirange contour lines which define range cell 3 (65390M 2 ).

Ac3 = The second area outlined by the transmit antenna side lobe, the receive

antenna main lobe and equirange contour lines which define range cell 3 (287500m 2).

DA Was the distance from the center of the first clutter block (Ac1 ) to the

transmitter (13450 m).

DO2 Was the distance from the center of the second clutter block (Ac2) to the

transmitter (12650 m).
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DO~ Was the distance from the center of the third clutter block (Ac3) to the

transmitter (14425 in).

A,1 Was the distance from the center of the first clutter block (Aci) to the

receiver (6550 in).

D, 2 Was the distance from the center of the second clutter block (AC2) to the

receiver (7350 in).

D, 3 Was the distance from the center of the third dlutter block (Ac3) to the

receiver (5575 in).

ao= The NUCS for the site one characterization area (71.11379).

Substituting these values into Equation 3.42 and performing the indicated op-

erations yielded a received dlutter power of 30.209 mW for range cell three using

vertical polarization.

For the case of both receiver and receiver using horizontal polarization, range

cell three contains only two dlutter blocks. The first was defined by the intersection

of the antenna main beams and had an area of 109375m 2 . The second dlutter block

was defined by the intersection of the transmit antenna side lobe and the receive

antenna main lobe and Wa an area of 220000m . Using these value in Equation 3.42

along with akhh = 2.621544 yielded a clutter power of 5.900 mW.

All of the range cells for all three sites could be calculated with Equation 3.42.

In some instances, one of the dlutter blocks defined by the intersection of the transmit

antenna side lobe and the receive antenna main lobe did not fall within a particular

range cell. The tables which follow summarize the pertinent range, area measure-

ments, distances, and resulting clutter powers.

Table 3.3 provides a tabular hasting of the clutter block areas, transmitter

to target and receiver to target distances for both systems operating with vertical

polarization. In all the range and data tables, the symbols should be interpreted as

defined in Equation 3.42.
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Site 1 Vert. Pol. Range Cell 3 iPange Cell 4 Range Cell 5

Ac, 200, 000m 2  296,875m 2  68,750m 2

D, 13,450m 14, 500m 15, 225m

DAl 6, 550m 5, 750m 5, 275m

AC2 65,39Dm2  236,250m 2  150,938m2

Dt2  12,650m 13, 450m 14, 625m

-r2 7, 350m 6, 800m 5, 875m

A•3 287, 500m 2  134, 400m 2  0.0m 2

Dt 14, 425m 15,450m N/A

D,3 5, 575m 4, 800m N/A

Table 3.3. Site One Area and Range Data for Vertical Polarization.
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Site 1 Vert. Pol. Range Cell 3 Range Cell 4 Range Cell 5

Aci 29.210mW 48.409mW 12.082mW

Ac 2  7.466pW 27.878pW 20.1811W

AcM 43.880pW 24.122;&W O.OmW

Total 29.261mW 48.461mW 12.102mW

Table 3.4. Site One Clutter Block Power, Vertical Polarization.

Table 3.4 provides the calculated clutter block powers for site one with both

transmitter and receiver operating with vertical polarization.

Table 3.5 provides a tabular listing of the clutter block areas, transmitter

to target and receiver to target distances for both systems operating with vertical

polarization. In all the range and data tables, the symbols should be interpreted as

defined in Equation 3.42.

Table 3.6 provides the calculated clutter block powers for site one with both

transmitter and receiver operating with horizontal polarization.

The validity of these range cell clutter powers is unknown because the sponsor

was unable to supply actual system measurements of site one.
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Site 1 Horz. Pol. Range Cell 3 Range Cell 4 Range Cell 5

Ac, 109,375m 2  296,875m 2  24,062m 2

Dt, 13,450m 14,500m 15,225m

DrA 6,550m 5, 750m 5, 275m

AC2 0.0m 2  196,875m 2  103,125m 2

Dt2 N/A 13,450m 14,625m

D,2 N/A 6, 800m 5, 875m

AC3 220, 000m 2  100, 000m 2  0.0m 2

Dt3 14,425m 15,450m N/A

D,3 5, 575m 4, 800m N/A

Table 3.5. Site One Area and Range Data for Horizontal Polarization.

3-30



Site 1 Horz. Pol. Range Cell 3 Range Cell 4 Range Cell 5

Ac, 570.387iAW 1.729mW 150.9941&W

Ac2 0.0mW 829.537nW 492.339nW

Ac3 1.199AW 640.867nW O.OmW

Total 571.5861W 1.730omW 151.5861W

"Table 3.6. Site One Clutter Block Power, Horizontal Polarization.
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S. 5.2 Clutter Power for Site Two. ~"able 3.7 provides a tabular listing of the

clutter block areas, transmuitter to target and receiver to target distances for both

systems operating with vertical polarization. In all the range and data tables, the

symbols should be interpreted as defined in Equation 3.42.

Table 3.8 provides the calculated dlutter block powers for site two with both

transmitter and receiver operating with vertical polarization.

Table 3.9 provides a tabular listing of the dlutter block areas, transmitter

to target and receiver to target distances for both systems operating with vertical

polarization. In all the range and data tables, the symbols should be interpreted as

defined in Equation 3.42.

Table 3.10 provides the calculated clutter block powers for site two with both

transmitter and receiver operating with horizontal polarization.

The 'validity of these range cell dlutter powers is unknown because the sponsor

was unable to supply actual system measurements of site two.

3.5.3 Clutter Power for Site Three. Table 3.11 provides a tabular listing of

the clutter block areas, transmitter to target and receiver to target distances for

both systems operating with vertical polarization. In all the range and data tables,

the symbols should be interpreted as defined in Equation 3.42.

Table 3.12 provides a tabular listing of the dlutter block areas, transmitter

to target and receiver to target distances for both systems operating with vertical

polarization. In all the range and data tables, the symbols should be interpreted as

defined in Equation 3.42.

Tables 3.11 and 3.12 were included for completeness. The power level calcula-

tions for site three could not be performed because the expression for the NRCS at

sight three could not be determined.
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Site 2 Vert. Pol. Range Cell 5 Range Cell 6 Range Cell 7

A,• 210, 000m 2  245, 000m 2  186,046m 2

Dt , 9, 875m 10, 925m 11, 875m

D, 10, 625m 9, 825m 8, 875m

A02 121,875m 2  132,187.5m 2  131,250m 2

DO2 9, 42,5m 10, 225m 11, 175m

D,2  11, 075m 10, 525m 9, 825m

Ac3 132, 812.5m 2  134,922m 2  65,609m 2

DO 10, 675m 11, 725m 12, 600m

D,3 9, 825m 9, 025m 8, 400m

Table 3.7. Site Two Area and Range Data Ior Vertical Polarization.
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site 2 Vert. Pol. Range Cell 5 Range Cell 6 Range Cell 7

Ac, 99.400mW 110.804mW! 87.280mW

AC2  50.756pW 51.790pW I 49.404pW

AM 54.785#W 54.675pW 26.576pW

Total 99.505mW 110.911mW' 87.356mW

Table 3.8. Site Two Clutter Block Power, Vertical Polarization.
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site 2 Horz. Pol. Range Cell 5 Range Cell 6 Range Cell 7

AcI 159,687.5m 2  245, 000m 2  168,750m 2

Dt, 9, 875m 10, 925m 11, 875m

Dri 10, 625m 9, 825m 8, 875m

Ac2 46, 094m 2  132,187.5m 2  131,250m 2

Dt2 9, 425m 10, 225m 11, 175m

Dr2 11,075m 10, 525m 9, 825m

AC3 132,812.5m 2  134,922m 2  37, 5GOrn 2

Dt3 10, 675m 11, 725m 12, 600m

Dr3  9, 825r- 9, 025mn 8, 400m

Table 3.9. Site Two Area and Range Data for Horizontal Polarization.
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site 2 Horz. Pol. Range Cell 5 Range Cell 6 Range Cell 7

Ac, 754.263pW 1.106mW 799.9941M

AC2 191.56OnW 516.812nW 193.006nW

AC3  546.702nW 545.601nW 151.581nW

Total 755.001AW 1.107mW 800.639pW

Table 3.10. Site Two Clutter Block Power, Horizontal Polarization.

/
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Site 3 Vert. Pol. Range Cell 21 Range Cell 22 Range Cell 23

Ac, 97, 500m 2  97,500m 2  97,50O0m2

Dt, 15,325m 15,625-n 15,950m

Al 9,925m 9,850m 9, 800m

AC2 35, 000m 2  64,471.4m 2  65, 000m 2

DO2  14, 825m 15,150m 15,450m

D,2 10, 425m 10, 350m 10, 300m

AM3 69,062.5m 2  69,062.5m 2  69,062.5m 2

DO 15, 850m 16,150m 16, 475m

D,3 9,400m 9,350m 9,275m

Table 3.11. Site Three Area and Range Data for Vertical Polarization.
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Site 3 Horz. Pol. Range Cell 21 Range Cell 22 Range Cell 23

Ac, 97, 500m 2  97, 500m 2  97,500m 2

Dt, 15,325m 15,625m 15,950m

9,j 9, 925m 9, 850m 9, 800m

Ac2 937.5m 2  52,500m 2  65, 000m 2

A2 14, 825m 15,150m 15, 450m

D,2  10, 425m 10, 350m 10, 300m

Ac3 69,062.5m 2  69,062.5m 2  69,062.5m 2

Dt 15, 850m 16,150m 16,475m

D,3 9, 400m 9, 350m 9, 275m

Table 3.12. Site Three Area and Range Data for Horizontal Polarization.
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IV. Conclusions and Recommendations

I.1 Conclussions

I. was impossible to establish how accurate the process proposed by this re-

search was due to the lack of actual data as a source of comparison. However, the

power levels calculated for the selected range cells at sites one and two were not en-

tirely unreasonable for the t--.,,.:-utter power and distances involved. This in itself

was a degree of success.

The researci did providf. some insight into the complexity of realistically im-

plementing the piocess and imdicated areas requiring further research. The most

obvious of these areas was discuvered with the site three data. Barrick's very rough

surface formulation fails for the special case when dealing with the combination of

low grazing angles and a bistatic angle which approachei 900.

Recall from Chapter 2 the NRCS was determined from the expression:

"tpq =1 Opq 2 j (4.1)

Where in Equation 4.1, P,, represents a modified scattering matrix element

and the J term the field component. For the Joint Gauian distribution, J was

given by:

4xp [ 2 +(Y2 (4.2)

Where the quantities in Equation 4.2 '2, •, 4, and 4 have been defined as:

4=sin ei4-Si0os (4.3)
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4=sin Oi sin . (4.4)

S= -cos -cos. (4.5)

At low grazing angles, (Ol < 50 where 8, has been defined as O- 6), the

exponential argument blossoms rapidly. This is due to the f,2 in the denominator

of the exponent's argument. For small values of i 0,1 approaches 1 and hence the2

cosine of 06 r .oaches zero. Similarly, as the bistatic angle approaches 1 so does2

0,. WLer. th F e two situations occur simultaneously, f rapidly approaches zero and

renders the calculation of questionable value.

A second complication with the process was the actual data extraction from

the topographic map. The process was extremely time consuming when performed

manually. For the three sites in the project, it took approximately twelve hours to

extrict the data and enter it into a data base. For the process to realistically be

used, the entire target area would have to be characterized which in turn implies

extracting data from thi map for the entire radar coverage area.

The process was unable to include the effects of smdll scale roughness on the

received clutter power due to the lack of detailed information on the terrain popula-

tion. It is unknown what the magnitude of this contribution could amount to. If it

is not a significant contributor to the over all range cell clutter power, the costs of

collecting adequate data to establish its level may far exceed the return.

Finally, at low grazing angles, a shadowing function is almost imperative. The

problem again is that the shadowing function is of little use without knowledge of

all the terrain between the transmitter, receiver, and target.
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4.2 Recommendations

The first priority would be to establish the relative validity of the dlutter powers

by direct comparison with measured values. This would be a much more efficient

process if the hardware were located AFIT where the researched has access to it.

Manually extracting topographic data has a prohibitive man hour cost. The

collection of height data for the 'very rough surface scattering mus t be automated.

One possible approach to this end would be the use. of DTED data. However, the

digitized data comes in a half inch tape format and requires a relatively long lead

time to acquire.

Nf digital site. data were available, the homogeneous terrain areas could be used

to establish their probability distribution on an area by area basis. This would

also require new solutions to the radiation integral in Chapter 2 which establishes a

value for J. The automated data could also be useful for establishing the validity

of the Gaussian height distribution assumption which was based solely on the loose

interpretation of the central limit theorem.
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Appendix A. Software

The following FORTRAN program titled Sit echarnfor, was used to calculate

the sample mean, variance, and correlation length estimautors.

The input data files consisted of n2 sets of numbers which represented the

highest contour line value and the lowest contour line value which delimited each

sub area in the sample. The three input data files ( Sitel.dat, Site2.dat, and Site3.dat

) are included in Appendix B. The results of the computations are included in three

data files ( Sitelprb.dat, Sitc2prb.dat, and Site3prb.dat which are also qrovided in

Appendix B.

ccccccccccecccccccccccccccccccccccccccccccccccccccccccccccccccccccccccccccccccccccc

c

c

c SITECHAR.FOR

C

c

ccccccccccccccccccccccccccccccccccccccccccccecccccccccccccccccccccccccccccccccccccc

IMPLICIT NONE

C

o variable 4-"tdarations

C

integer i !loop index

integer j 1 loop index

integer n I loop index

integer In I loop index

real*8 logarg

real*8 high I upper contour line
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eal,8 low I lower contour line

real*8 nsmp I number of samples per axis

real*8 aM I mean estimator

real*8 nsqrd I distance between dist

real*8 lsqrd I variance estimator

Meal*8 lsqrd I correlation length eat

real*8 delr I sample separation dlistanc

reA*8 seta(500,500) I mu Z(ij)

real*8 igma(5O,,500)! standard deviation Z(ij)

real*8 treg I temp storage reg

character*15 infilnam I Me with height samps

character*15 outfilnam I le with results

C

C initialize variables

C

nsamp=20.0 I set to number of samples

delr=10.0 I sample sep distance

hsqrd=O.O
mu=O.O

sqrd=O.O

C

C get input data me name

write(*,440)' Enter input data file e:1

read(*,450) infilnam

C

C get output file name
C
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write(*,440)' Enter output data file name:'

read(*,450) outfilnam

C

C get number divisions per axis

C

write(*,440)' Enter number of divisions per axis:'

zead(*,480)nsamp

C

C get sample w~dth

C

write(*,440)' Enter sample width :'

read(*,400) delr

C

C open input data file

C

open(unit =38,file=infilnam,st atus='OLD')

C

C open output fle

C

open(unit=39,file=outfflnam,st atus = 'NEW')

C

C read in the contour line values and echo to screen

C

do 100 i=l,nsamp,1 sie up the row counter

do 110 j=l,nsamp,1 !.set up the col counter

read(38,err=1000,fmt=480) high ! highest contour in(e

read(38,err=1000,fmt=480) low ! lowest contour line

zeta(ij)=((high-low)/2.0)+low ! find rqu(i~j) and save
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sigma(ij)=(high-low)/4.0 I find sigma(ij) and save

C write(*,400) zeta(ij)

C write(*,400) uigma(ij)

110 o~ntinue

100 orntinue

C calculate the mean estimate

mu=0.0

do 120 i=1,nsamp,l

do 130 j=1,namp,1

mu--mu+zeta(ij)

130 w~ntinue

120 owntinue

mu--mu/(usamp**2)

wzite(39,410) 'mu = ',mu

write(*,410) 'mu = ',mu

C

C calculate the height 'vasiance estimate

Izsqrd=0.0

do 140 i=1,nsamp,1

do 150 j=dlnsamp,1

hsqrd=hsqrd+(zeta(ij)-m'u)**2

150 xm~tinue

140 o~ntinue

hsqrd=hsqrd/(nsaznp**2)

write(39,420) 'hsqrd ',hsqrd
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write(*,420) 'hsqrd =',hsqrd

C

o calculate the correlation length estimate

C

Isqrd=0.0

do 160 i=l,nsamp,1

do 170 j=1,nsamp,l

treg=0.0

do 180 m=-1,nsamp,1

do 190 n=1,nsaznp,1

rsqrd=((i-m)*delr)**2+((j-n)*delr)**2

logarg=(hsqrd-zeta(ij)*zeta(m,n))

logarg=ABS(logarg/(sigma(ij)*sigma(m~n)))

treg=rscvrd/LOG(logarg)

190 continue

180 continue

ibqrd=lsqrd+treg/(nsamp**2)

170 continue

180 continue

Jsqrd=lsqrd/(nsaznp**2)

write(39,420) 'Isqrd = ',lsqrd

C

C Save the sample means

C

do 200 i=1,nsamp,1

do 210 j=1,namp,1

write(39,490) 'mu('ý,i,'j,') = ',zeta(ij)

210 continue
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200 onutinue

C

o Save the sample standard deviations

C

do 220 i=1,usamp,l

do 230 j=1,nsamp,1

write(39,500) 'sigma(',i,','j,') =',sigma(ij)

230 continue

220 continue

goto 999

C

o list of format statements

C

400 format(F8.3)

410 f~rmat(A6,F8.3)

420 I~rmat(A1O,F8.3.)

430 format(A25)

440 format(A35)

450 format(A15)

460 foruiat(14)

470 i~rmat(AIO,F15.3)

480 format(F3.0)

490 format(A3,12,A1,12,A4,F8.3)

500 format(A6,12,A1,12,A4,F8.3)

C

o detected error actions

C

1000 write(*,430)'H!1 DATA READ ERROR HP!
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goto 999

1010 write(*,430)'!!! DATA WRITE ERROR !!

C

o dose the data files and exit the program

C

999 dose(un~it=38)

dose(unit=39)

wnite(*,410) 'mu = ',mu

write(*,420) 'hsqrd = ',hsqrd

write(*,420) 'Isqrd =',lsqrd

stop

end

The program implements Barrick's rough surface scattering formulas from the

stistics of the characterization area generated with Sit echcr.for and the transmitter,

receiver, and target area geometry.

CCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCC CCC

C

C

o SIGMA.FOR

C

C

C

CCCccccccCCCCCCc~cCCCCCCCCCCCCCCCCCCCCCccccccccCCC~~CCCCccc

IMPLICIT NONE

C

C variable declbrations
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C

integer i ! loop index

integer n ! loop index

integer m ! loop index

complex ctem
:ea!*8 j

real*8 al

real*8 a2

reai*3 a3

r.Ma1*8 a4

real*8 Isqrd ! correlation length

real*8 a-agi

real,8 treg ! temp storage reg

real*8 theta. ! incident wave ang

real*8 thetas ! scattered wave an

real*8 phis ! scattered wave ph

real*8 Dt ! linear dist trans-cl

real*8 Dr ! linear dist rcvr-cl

real 8 Db ! linear dist trans-r

real*8 ht ! transmitter height

real*8 hr receiver height

real*8 h! clutter mean plan

real*8 sigmavv

real*8 si•-:ahh

complex mUTr ! relative pe'meabil

complex epsilonr relative permittivi

complex Rper

complex Rpar
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rel* etv

real*8 betavy

real*8 ssqrd

real*8 zetax

real*8 zeta y

real*8 pi

real*8 Cti 1 CQS(thetai)

real*8 sti 1 SIN(thetai)

real*8 cts 1 OOS(thetas)

reZl*8 sta 1 SIN(thetas)

real*8 cps ! COS(phis)

real*8 spa SIN(phis)

complex rooti

real*8 zeta~z

rea*8 sii SIN(angi)

rea*8 di 1 COS(angi)

real*8 nsamp ! nu~mber of clutter

real*8 beta

real*8 deltar ! width of dut cell

real*8 Iisqrd 1 variance of dlutter

diaracter*15 inl~na~m ! file with height ssa

diaracter*15 outfilnam 1 ffie with results

C

o initialize variables

C

ht=97.572 1 set transmitter he

hr.=144.O set receiver height

Db=19248.O set trans-rcvr dist
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pi=3.141592653589793

C tiptdt ienm

C

oft(,4) Enet input data file name

C

Cwgeteoutput40' Entmeriptdaflenm:

C

write(*,440)' Enter output data fie name:'

read(*,450) outlilnam

C

C open input data fie

C

open(unit=38,fle--infilnam,status='OLD')

C

C open output Mie

C

op~en(unit=39,fl~e=outfilnam~status='NEW')

C

C read in transmitter elevation arnO. echo to screen

C

zead(38,err=1000,fmnt=400) Dt

write(39,480)'Dt = ',Dt

write(*,480)'Dt =',Dt

C

C read in receiver elevation and echo to screen

C
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read(38,err=1000,fmnt=400) Dr

write(39,480)'Dr = ',Dr

vrite(*,480)'Dr = ',Dr

C

o read in mean clutter height aui echo to screen

C

read(38,e~r=1000,fxnt=400) lic

write(39,480)'hc = ',hc

write(*,480)'hc = ',hc

C

o read in relative permeability and echo to screen

C

zead(38,err=1OOO,fmnt=49O) mur

write(39,500)'mu = ',mur

write(*,500)'mu = ',mur

C

C read in relative perrnitti-vity and echo to screen

C

read(38,err=1000,fint=490) epsilonr

write(39,500)'eps = ',epsilonr

write(*,500)'eps =',epsiloar

C

o read in area of characterization site and echo to screen

C

read(38,err=l OOO,fmt=4P00) nsa~mp

-&ite(39,480)'DIV = ',nsamp

write(*,480)TIlV = ',usamp,

read(38,err=1OOO,fm't=4OO) deltar
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wrt(3,80'E -,el

write(39,480)'DEL =',deltar

C

C read in clutter variance and echo to screen

C

read(38,enr=lOOO,fmnt=400) luqrd

write(39,480)'hsqrd = ',hsqrd

write(*,480)'hsqrd = ',haard

C

C read in correlation distance and echo to screen

C

read(38,err=1000,fknt=400) Isqrd

write(39,470)'lsqrd = 'lsqrd

write(*,470)'lsqrd =',lsqrd

C

C calculate the scattering angles

C

thetai=(pi/2.O)-DATAN((ht-hc)/Dt)

thetas=(pi/2.O)-DATAN((hr-hc)/Dr)

beta=DACOS((Dt**2+Dz **2-Db**2)/(2.O*Dt*Dr))

phis=pi-beta

write(39,470) 'tLW'a = ',theai

write(39,470) 'thetas = ',th tas

wuite(39,470) 'beta = ',beta\

write(39,470) 'phis = ',phis

write(*,470) 'thetai = ',theta

write(*,470) 'thetas = ',thetas

write(*,470) 'beta = ',beta
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write(*,470) )phis % phis

C

C determine the angle i

C

treg=1.O-DSIN(thetai)*DSIN(thetas)*DCOS(phis)

treg=(treg+DCOS(thetai)*DCOS(thetas))/2.O

wNgi=DACOS(DSQRT(treg))

write(*,470) 'angle i = ',angi

write(39,470) 'angle i = '~angi

C

o determine the a coefficients

C

cti=DCOS(thetail

sti=DSIN(theta~i)

cts=DCOS(thetu)

sts=DSIN(thetaa)

cps=DCOS(phis)

sps=DSIN(phiis)

al=1.O+sti*sts*cps-cti*cts

a2=cti*sts+sti*cts*cps

a3=sti*cts+cti*sts*cps

a4=cti+cts

C

C determine the reflection coefficients

C

ci=DCOS(angi)

si=DSIN(angi)

ctemp=(l.O,O.O)*ui
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rooti=CSQRT(mur*epsilonr.(ctemp**2))

rper=(mur*ci-rooti)/(mur*ci+rooti)

rpar=(epsilozur*di-rooti)/(epsilonr*di+rooti)

C

C determine uetax~y, and z

C

i'etax=sti-sts*cpu

metay=sts*ups

seta.=O.O-Cti-Cps

C

C determine u**2

nqrd=4.O*hsqrd/Isqrd

write(39,470)'ssqrd = ',usqrd

write(*,470)'ssqrd = ',ssqrd

C

C determine J

C

j=-(DEXP(O.O-(zetax**2+setay**2)/(ssqrd*zetaz**2)))

j=j*4.O/(vsqrd*zetaz**2)

wuite(39,480)'j = '

wuite(*,480)'j = '

C

C determine the ucatteuing ma' rix components

C

ctemp=(a2*a3*rpaz+sti*sts*(sps**2)*rper)/(al*a4)

betavv--CABS(ctemp)

ctemp=(O.O-sti*sts*(sps**2)*rpar-a2*a3*rper)/(a1*a4)
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betahh=CABS(ctemp)

write(39,470)'betav~v = ',betavv

wuite(*,470)'betavv = ',betavv

wrrite(39,470)'betahh =. 'betalhh

write(*,470)'betahh =',betalhh

C

C

C determine the NRCS

C

sigmavv=(be~tavv**2)*j

sigmahh=(betaiih**2)*j

write(39,470)'sigmavv = ',sigmavv

write(*,470)'uigmavv = ',uigmavv

write(39,470)'sigmahh = ',Bigmahh

wfite(*,470)'sigmahh = ',sigmahi

C

C Est of format statements

C

400 format(F1O.3)

410 furmat(A6,F1l).3)

420 format(A1O,Fl0.3)

430 format(A25)

440 format(A30)

450 format(A15)

460 format(I3)

470 format(' ',A1O,E 3.7)

480 format(' ',AO,E13.7)

490 i~rmat(F1O.5,FlO.5)
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500 fSmat(A9,F12.7,F12.7)

C

C detected error actions

C

1000 write(*,43U)' I! DATA READ ERROR H!!'

1010 write(*,430)'l!! DATA WRITE ERROR !!!'

C

C close the data files and edt the program

C

999 dose(unit=38)

dose(unit=39)

stop

end

/
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Appendix B. Topographic Data

The data which ollows is the site one contour line information used to estimate

the die dia.acterization area statistics.

------- c ccccccccccccccccccccccccccccccccccccc-cc• -_,

y=l yf2 y=3 y--4 y-- 5

z-1 6057 6057 6057 6357 6357

x=2 6057 6057 6357 6357 6357

xffi3 6360 6360 6960 6960 6960

z=4 6660 6660 6663 6663 7263

--5 6660 6663 6963 6963 6966

x=-6 6663 6663 6963 6G66 7266

x---7 6663 6963 6966 7266 7569

x=8 6960 7266 7266 7569 75 69

x-9 7266 7569 7869 78 72 8172

x--10 7569 78 72 8175 8475 8478

x=-11 7569 81 75 8478 8481 8781

x=-12 75 72 81 75 8478 8781 9084

x=-13 7572 81 75 8478 9081 9384.

x--14 75 72 81 75 8481 9081 9687

X=15 78 72 84 75 8781 9384 9690

Z=18 78 72 8478 9081 9387 9690

x=-17 81 75 8481 9084 9387 9690

z=18 81 75 8478 8781 9084 9387

Z=19 81 75 84 78 8481 7 81 8781

z=20 78 72 8175 8175 8175 8175
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cccccccccccccccccccccccccccccccccccccccccccccccccccccccccccccccccccccccccccccc

y=6 y-7 y=3 y=9 y= 10

x=1 63 C0 63 60 66 cO 66 63 6 G63

x=2 63 60 66 CO 66 63 69 63 69 66

x=3 69 0 72 63 72 63 72 66 72 66

x=4 72 63 69 C6 69 o6 72 63 72 69

X=5 72 66 72 CS 72 66 75 66 75 69

x=6 72 69 75 69 75 69 75 72 78 72

x=7 75 69 75 69 78 69 78 72 81 75

x=8 75 69 78 72 78 72 78 75 81 75

x=9 81 75 81 75 84 75 87 78 C0 78

x=10 84 73 87 78 90 81 93 84 102 87

x=ll 90 81 93 84 96 87 102 90 105 93

x=12 93 84 99 co 102 90 108 99 111 102

x=13 99 90 105 93 108 99 111 105 114 108

x=14 102 90 105 99 111 102 114 108 114 111

x=15 105 96 108 102 111 105 111 105 111 105

x=16 102 96 105 99 111 102 105 99 105 99

x=17 102 93 102 93 102 C0 102 &3 99 87

x=18 9G 87 96 87 93 84 90 81 90 78

Xi19 87 81 87 78 84 78 84 75 81 75

x=20 81 75 81 72 78 72 78 75 81 75
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CCC(=CCCC(:?CCCCCCCCCCCCCCCCCrCCCC~•?(CCCCCCO•CCCCCCCCCC

y=11 y=12 y=13 y=14 Y=15

x=1 6663 6663 6663 6663 6663

x==2 6963 6963 6963 7263 7263

x=-3 7266 6966 7266 7269 7269

x=4 7569 7569 7869 7872 7872

x=5 7572 7872 7872 7875 7875

x=-6 8172 8175 8175 8475 8475

x---7 8475 87 78 8781 9081 9084

x-=-8 8475 90 78 9381 9684 9687

X=--9 9684 10290 10290 10293 10296

x=-lO 10590 10599 10899 10899 108102

Z=11 108 102 111 105 111 105 111 105 108 105

x=12 114 105 114 108 114 108 111 108 111 105

x=13 114 111 114 111 114 108 111 105 108 102

x=14 114 111 114 108 114 111 114 108 114 108

x=15 111 102 111 105 111 102 108 96 102 87

x=-16 10596 10593 10290 9687 9384

x=17 9684 9684 9384 9084 8781

M=18 8781 8781 8781 8478 84 81 ..........- -

x=19 8481 8481 8481 8478 8478

x=20 8478 8178 8475 8175 8175
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cccccceccccccccccccccccccccccccccccccecccccccccccccc~cccccccccccccccccc~ccc

y=16 Y,=17 y=18 Y=19 y=20

X=1 6663 6663 6663 6663 6663

x=2 6963 6963 6663 6963 6963

x=3 72 66 7266 6963 6966 6966

x=4 7869 7569 7566 7266 7266

x=-5 7875 8172 8169 7569 7569

X=6 8475 84 78 8478 8175 8172

z=-7 8781 8781 9081 8778 84 73

x--8 9987 9987 9687- 93 84 8781

X=9 10296 9996 9990 9687 9084

w=lO 10599 10296 9993 9687 9081

Z==l 105102 10299 9993 9387 8781

x==12 10599 10296 9990 9384 8781

z=-13 10599 9993 9687 9084 8781

z=14 108102 10290 9381 8781 8478

x=15 9684 9081 8781 8478 81 72
x=-16 9081 8481 8478 8178 8175

z=17 8481 84 81 8478 8175 7872

x=18 8478 8478 8175 7872 7572

z=19 8175 7872 7872 7572 7569

z=20 8175 75 72 7569 7569 7566
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The data whicl follows is the site two contour line informakioa used to estimate

the site characterization area statistics.

ccccccccccccccccccccccccccccccccccccccccccccccccccccccccccc••••ccccCccCCCCCCCcc

y=l y=2 y=3 y=4 y=5

x=1 87 69 00 78 93 81 93 84 93 84

x=2 93 78 96 87 9690 96 90 96 0

x=3 93 78 99 93 102 93 102 96 99 93

x=4 99 87 102 06 102 99 102 96 99 96

x=5 105 96 105 99 105 99 102 99 99 96

x=6 105 99 105 102 105 99 102 99 99 96

x=7 108 102 103 102 105 102 105 99 102 96

x=8 108 102 108 102 105 102 105 99 102 96

x=9 108 99 108 102 105 99 102 96 102 93

x=10 102 90 102 96 102 N6 102 93 99 90

x=11 90 87 99 93 99 93 99 90 96 87

x=12 93 81 06 90 96 90 96 87 90 81

x=13 90 81 93 87 93 84 90 81 87 78

x=14 90 78 90 78 90 75 84 72 81 72

x=15 78 72 78 72 78 59 75 69 75 69

x=16 72 63 72 63 72 66 72 66 72 63

x=17 69 GO 66 C0 66 60 66 60 66 60

x=13 63 60 63 C0 63 57 63 57 63 57

x=19 60 54 60 54 60 57 63 G0 60 57

x=20 C0 57 60 57 63 57 63 60 636G
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ecccceccccccccccccccccccccccccccccccccccccccccccccccccccccccccccc:c~crzcccccrccc

y--6 y-7 Y=8 Y-9 Y:10

X-1 9081 8778 8475 8475 8172

x=2 9387 9384 9081 8778 8478

x-3 9690 9690 9387 9084 9081

x=4 9993 9693 9690 9387 9087

x=5 9993 9693 9690 9390 9087

x=6 9993 9693 9693 9390 93 87

X-=7 99 96 9993 9693 9390 9387

x=8 9996 9993 9690 9387 9084

x=9 9990 9690 9387 9084 8781

x=lO 9687 9384 9081 8781 8478

X-'11 9081 8781 8478 8475 8175

x=12 8781 8478 8175 8175 7872

x=13 8475 .8172 7869 7869 7569

z=14 7869 7569 7266 6960 6960

X=15 7266 7266 9363 6660

x=16 6963 86963 6660 6660 6360

X-17 6660 6660 6360 6357 6357

z=18 6357 86357 6357 6057 6057

x=19 6057 86057 6057 6057 6057

x--20 6360 6360 6057 6057 6057
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CCCCr.CCCCCCCCeCcCCCCCCCCCCCCCCCCCCCCCCCCCCCCCccCCCCcccccCCCCcccCccCccCc

y=I1 y-12 y=13  y-14 y=15

x=1 7869 7569 7569 7569 7266

x=2 81 75 8175 8175 7872 7569

x=3 8781 84 78 8178 7872 7569

x=4 9084 8478 8478 78715 7569

x=5 9084 8781 84 7G 7875 7569

x-- 6 9084 8781 8478 7872 7566

x=7 9084 84 75 8475 7869 7266

x=8 84 78 81 78 78 72 7566 6963

x=9 84 78 8175 7869 7566 6963

x=lO .8175 78 72 7569 7266 6966

x=1 78 75 78 72 75.69 7566 7269

x=12 7869 7569 7266 6966 6966

x=13 7566 7266 6963 6963 6963

x=14 6963 6963 6660 6660 6660

x-=15 6660 6660 6360 6360 6360

x=16 6357 6357 6357 6357 6357

4..17 6057 6057 6057 6057 6057

x=18 6057 6057 6054 6054 6054

X=19 6054 5754 5754 6054 6057

x=20 6034 6054 6054 6057 60 157
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CCCCCCCrCccccccccccccccccccccccccccccccccccccccccccccccccccccccccccccceccecccccc

y--16 Y--l7 Y--18 Y--19 y--20

x1 6963 6663 6360 6357 6057

x2 6963 6663 6360 6057 6057

x--3 6968 6663 6360 6057 5754

x--4 6966 6663 6360 6357 6054

x5 6966 6660 6360 6360 6057

x--6 6963 6660 6360 6360 6057

x--7 6963 6360 6360 6360 6057

X--8 6660 6360 6360 6357 6057

x=9 6660 6960 6860 6660 6357

X--10 6966 6966 6963 6660 6360

X--11 7269 7266 6963 6660 6360

x--12 7266 7266 6963 6660 6360

x--13 6963 6963 6660 6360 6360

x--14 6660 6660 6360 6357 6357

X--15 6360 6360 6S57 6357 6054

x--16 6057 6357 6357 6057 6054

x=17 6057 6057 6057 6057 6054

X--18 6057 60 57 6057 6057 6054

X--19 6057 6057 6057 6057 5754

x--20 6054 6054 6054 6051 5751



The data which follows in the site three contour line information used to esti-

mate the site characterization aea statistics.

=c CCCCCCCCCCCCCCCCCCCCcccccccccccccccccccccccccccccccccccc

y=l y=2 y=3 y=4 Y=5

X=-1 39 36 39 38 39 36 3936 3936

x=2 39 36 39 36 39 36 39 36 39 36

x=-3 39 36 39 36 39 36 3936 39 36

x=-4 39 36 39 36 3936 39 36 3936

x=5 39 36 3963 39 36 39 36 39 36

x=6 3936 39 36 39 36 3936 3936

x=-7 4236 42 36 4236 4239 4239

x=-8 45 39 45 39 45 39 45 39 45 39

x-=9 4539 4841 5142 5445 54 45

x=-10 4842 5145 57 48 57 51 6051

x=--l 5145 54 45 57 51 6054 6357

x=-12 5148 54 48 60 51 6657 6660

x=13 54 48 57 48 60 54 6657 6963

x=-14 5448 5751 6054 66857 6960

x=15 .5145 54 48 60 51 6054 6357

x=16 5145 5145 5448 5748 6051

x=17 4842 4845 5145 5145 5445

x=18 4842 4845 4845 4842 4842

x=-19 4539 4539 4542 4539 4539

x=20 4239 4239 4239 4239 4239
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CCCCCCWCCcc CCCCCCCC Cccccc ccccccccccccccccccccccccccccccccccccccccccc

y-6 y-=7 y=8 y=9 y=1O

X=-1 4236 4236 3936 3936 3936

z=2 3936 3936 3936 3936 3936

x=-3 3936 3936 3936 3936 3936

x=-4 3936 3936 3936 3936 3936

x=-5 3936 3936 3936 3936 3936

x=-6 3936 3936 3936 3936 3936

x=7 4239 4239 4236 4236 4239

x=-8 4539 4539 4539 4539 4539

x=9 5445 5445 5142 5142 4842

x=-lO 6051 5751 5748 5748 54 42

x=-11 6357 6657 6357 6354 6048

x=-12 6663 6663 6963 6960 6654

x=-13 6963 6963 7266 7266 6960

x=-14 6963 6963 7263 7266 7263

m=15 6660 6660 6663 6963 6960

x=-16 6354 6654 6657 6657 6657

x=17 5448 6048 6348 6051 6051

x=18 5145 5145 5145 5145 5445

x=19 4839 4842 4842 4842 4842

x--20 42 39 4539 4539 4539 4539
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9

ccccccccccc cccccc CCCCCCCCCCccCCCCCCCccccccc ccc c ccccccc=

y=ll y=12 y=13 y:14 y'-15

x-1 3936 3936 3936 3936 3938

x=2 3936 3936 3936 3936 3936

x=3 3936 3936 3936 3936 3936

x=4 3936 3936 3936 3936 3936

x=5 3936 3936 3936 3936 3936

x=6 3936 3936 3936 3936 3936

x=7 4239 4239 4239 4239 4236

x=8 4239 4239 4239 4239 4239

X=9 4539 4539 4239 4239 4239

x=lO 4839 4539 4239 4239 42 39

x=11 5745 5139 4539 4239 4239

x=12 6348 5745 5139 4539 4239

x=13 6654 6048 5142 4839 4539

x-=14 6657 6354 5748 5142 4539

x=15 6657 6354 5745 4842 4539

x=16 6351 6048 5442 5442 4539

x=17 5748 5445 4842 4539 42 39

x=18 5445 5139 4542 4539 4239

x=-19 4839 4539 4539 4239 4239

x=20 4239 4239 4239 4239 4239
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aCCCCCCCCCCCCCCCCCCCC CCCCCCCCCCCCCCCCCCCCCCCCCC cc cccCCcCCCCCc

y=16 y=l17 Y=18 y=19 y=20

x=1 3936 3936 3936 3936 3936

x=2 3936 3936 3936 3936 3936

z=3 3936 3936 3936 3936 3936

x=4 3936 3936 3936 3936 3936

x=-5 3936 3936 3936 4536 4536

x=-6 3936 3936 4236 4539 4842

x=7 4236 3936 4236 4539 4542

x=-8 4236 3936 4236 4539 5145

M=9 4239 3936 4236 4539 5145

x=lO 4236 3936 4236 4836 5142

x=ll 4236 3936 3936 4536 4839

x=12 4236 3936 42 36 4236 4539

x=13 4236 3936 3936 3936 4236

x=14 42 39 4239 4239 3936 3936

X=15 4239 4239 4239 4239 3935

x=16 42 39 4239 4239 4236 3936

x=17 4239 4239 4239 4236 3938

z=18 4239-- 4239 4236 3938 3936

X=-19 4239 4239 4236 3936 3936

x=20 42 39 4239 4236 3936 3936
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